The strength of carbon fibres in simple and mixed fibre composites. by Priest, A. M.
THE STRENGTH'OF CARBON FIBRES IN 
SIMPLE AND MIXED FIBRE COMPOSITES
A.Mo Priest
A thesis submitted for the degree of 
Doctor of Philosophy in the University of Surrey
September 1983
DIVERSITY OF SURREY LIBRARY
S -\
ProQuest Number: 10804380
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10804380
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
SUMMARY
The strength of carbon fibres as single filaments, bundles and in 
composite form has been investigated. Single filaments have been 
shown to have a strength distribution to which a two-parameter Weibull 
distribution may be fitted. The main objective of the work was then 
to reconcile the observed strength distributions of both simple 
(mono-fibre type) and hybrid composites to that of the single 
filaments. This has been done by preparing and testing a range of 
unidirectional bundles and composites of varying geometry. In all 
cases, the carbon fibre used was taken from the same batch of 1000 
filament tow, thus ensuring a consistent statistical base for the 
comparison. The hybrid compbsites consisted of single bundles of 
carbon-fibre surrounded by glass-fibre in an epoxy matrix. These were 
compared with impregnated and dry bundles of the same dimensions. 
Multi-ligament hybrids were also prepared and tested to assess the 
effects of bundle dispersion.
The strength distributions of both dry and impregnated bundles in 
relation to that of the single fibre have been shown to follow the 
trends predicted by Coleman and Harlow and Phoenix respectively. The 
hybrids by comparison show an enhanced strength which is only 
partially explained by thermal stress arguments. A hypothesis is 
advanced which proposes that the enhanced strength of a hybridised 
ligament is due to a larger critical group of individual fibre 
fractures being required to initiate catastrophic ligament failure 
than is the case for non-hybrid bundles. The significance of these 
effects with respect to practical composites is discussed.
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NOTATION AND ABBREVIATIONS
Abbreviations:
HE High elongation
LE Low elongation
EXP Exponential 
cdf Cumulative distribution
ELS Equal load share
LLS Local load share
CV Coefficient Of variation 
function
Symbols:
E(x) cdf of fibre elements k Number of fibre elements
F(x) cdf of single fibres n Number of single fibres
G(x) cdf of fibre bundles m Number of bundles
H(x) cdf of chain of bundles s Bundle separation
O' Stress K Load concentration factor
Pf Probability of failure TInterfacial strength
Ps Probability of survival 6 Coleman factor
e 2.7183 8 Ineffective length
r Gamma function L Length
X General variable i Number of failed elements
E Youngs modulus adjacent to a non-failed
¥ Weibull exponent Ld Debond length
Vf Volume fraction &  Strain
Subscripts:
E of fibre element
F of single fibre
G of fibre bundle
H of chain of bundles
g Glass
1 Reference length 
u Minimum value 
o Characteristic value 
h Hybrid 
c Carbon
Super-scripts:
Mean value * Dimensionless value
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1 INTRODUCTION
1.1 The use of fibre reinforced materials
1.1.1 Composites of one fibre type
There has been a continuous increase, both in the number of 
applications being found for fibre reinforced plastics, and in the 
number of fibre types and resin systems available to the designer. In 
less than twenty years, advanced composites have become established as 
highly efficient, high performance structural materials. This trend 
will undoubtedly increase as the material is now being produced in 
greater quantities and as our knowledge in the use and the 
expectations of composite materials improves. At present, however, 
advanced composite structures, although being more efficient than 
metallic parts, are often more expensive. This improved efficiency, 
at a price, is the prime reason why composite materials have gained 
wide usage in the aerospace industries and have tended to permeate the 
rest of industry from the high technology end.
In the final analysis, the choice of material used in an 
engineering application must be based on the cost effectiveness of the 
complete structure. This is obviously not an easy task because it 
embodies the interaction of each part with every other part. As an 
example, a composite actuating member may be twice the cost of its 
forged counterpart, but its reduced inertia may save more than this 
increased expense in terms of fuel. In many technologically advanced 
components, limitations such as high cost and brittle fracture 
behaviour are considered secondary to such qualities as low density,
high rigidity and high strength.
The development of modern composite materials can be dated back 
to the early 1940s when glass fibres were first used to reinforce 
plastics. One of the first successful applications was found in its 
use as nose radar domes, to protect the aircraft antennas. 
Glass-polyester radomes replaced plywood and canvas-urea domes. This 
type of composite demonstrated excellent load bearing capacity, 
thermal stability and resistence to weathering. Above all this, its 
'transparency' to electromagnetic waves has made the material suitable 
for housing electronic equipment ever since.
In the 1950s, reinforced plastics were applied to aircraft 
propeller blades making use of their fatigue characteristics. Also at 
this time, there began a rapid development of the aeronautics and 
aerospace industries, and designers were constantly aware of the need 
for lighter, stronger materials. Early studies on reinforced 
phenolics indicated that they possessed superior ablation properties 
and the first re-entry nose-cone made from asbestos reinforced 
phenolic was proved successful in 1956. Since then, fibre reinforced 
composites have also played an important role in the production of 
large rocket motors.
The development of 'advanced' composite materials was initiated 
in the last decade with the successful manufacture of several types of 
high strength fibre. The success that has been seen in the 
development of boron composites, metal matrix composites, and more 
recently carbon/carbon composites has demonstrated the ever increasing 
potential of advanced fibrous materials. The usage of composite
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materials covers an extremely broad spectrum, from bathtubs and
\
fishing rods to complete helicopter fuselages. Fully automated 
methods have been developed for manufacturing some composite products, 
resulting in better quality control and lower unit costs.
The fibres in a composite are often aligned with the various 
directions of loading. The transfer and distribution of load takes 
place through the matrix material, and the fibres are loaded by shear 
transfer across the fibre/resin interface. The fibres are primarily 
responsible for the strength and stiffness of the composite. The 
resin binds the fibres together so that local fibre breaks do not 
trigger catastrophic failure, and hence, increases strength and 
toughness. Table 1.1, which is taken from Hancox [l], lists a 
comparison of the engineering properties of some common fibres, 
composites and metals. The obvious advantages of the composites 
listed over the more traditional metals is made clear by comparing the 
specific moduli, and also, the specific strengths. In a purely 
engineering sense, there is a great incentive to use composites 
although other factors must also be considered, not least of which are 
the economic considerations concerning the production of the final 
component. A review of some of the applications being found for 
advanced composites in the aerospace industry is given by Zweben [2].
1.1.2 Hybrid or mixed fibre composites
Recently it has been realised that a new type of composite may be 
designed with properties tailored to give a specific material 
response. By mixing two or more types of fibre in a common matrix to 
form a hybrid composite, it may be possible to create a material
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possessing the combined advantages of the individual fibre components 
and simultaneously mitigating their less desirable properties. In a 
hybrid, most of the improved structural efficiency of a simple 
composite is retained and, at the same time, a controlled failure 
response is realised. For a simple comparison examine the work of 
Hancox and Wells [3]* The authors compared the properties of two 
laminates; a unidirectional carbon fibre reinforced plate and a 
hybrid plate of the same dimensions with two outer layers of one 
quarter thickness carbon and a central layer of half thickness glass. 
In a three point bend test, the hybrid retains 90$ of the flexural 
properties, has an impact strength improved by over 100$ and no longer 
fails catastrophically. The cost of the hybrid would only be half 
that of the all carbon laminate. The incentive, therefore, exists for 
the use of hybrid composites.
In order to utilise any engineering material to its full 
potential with confidence, we are required to have a detailed 
knowledge of how and why the material responds to an external load; 
this must be the case, whether the loading is physical, chemical or 
thermal. We are required to understand the material response, not 
only during loading, but also at and during failure. Traditionally, 
much work has been expended on the investigation of the mechanical 
response of macroscopically homogeneous solids, naturally because 
nearly all engineering materials are of this type. Knowledge of this 
type of material is very advanced, with the designer being able to 
call upon detailed theories of elastic fracture mechanics, crack 
opening and propagation mechanics and ductile or brittle failure 
theories. In the realm of even simple composite materials, this 
knowledge is of limited use due to an ordinary composite being a
"binary structure and a hybrid composite being at least a three 
component system. In composites, failure can more accurately be 
described as a degradation of properties with many events taking place 
prior to even the 'brittle' failure of a simple carbon fibre 
composite. The complex nature of the material, together with its 
recent emergence, explains the lack of advancement in our 
understanding of simple composite and hybrid behaviour, especially in 
the areas of strength and failure.
One of the advantages of hybrid composites is the flexibility in 
the choice and positioning of the reinforcements. This leads to many 
types of hybrid material and hybrid structure, and it is important to 
have a precise terminology capable of describing the various material 
arrangements. At present, there is no agreed system of 
classification, though several schemes have been suggested; Short and 
Summerscales [4,5]- Generally, hybrid materials fall into one of four 
categories, types A, B, C and D.
Type A is characterised by an intimate mix of dispersed fibre, 
see figure 1.1. Normally this would mean randomly dispersed fibre 
tows of the two fibre types, distributed in a common matrix. On a 
finer scale, individual filaments may be intermingled giving greater 
fibre mixing.
Type B material contains dispersed fibre plies. In this case, 
alternating layers of fibre type are built up to form a sandwich 
construction. Each ply may either be of one fibre type, or possibly a 
type A hybrid itself. This type of material does not generally allow 
for the same degree of fibre mixing present in type A, though it does
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permit an easier fabrication route from either broad fibre cloth or 
pre-preg sheet.
The hybrid type C consists of a fibre core and two outer skins. 
Both skins and core may be made of unidirectional or angle-ply 
materials of either type A or B. It is usual, but not necessary, to 
have the stiffer fibre in the outer skins, and to have a symmetry of 
plies about the central plane. The fourth hybrid, type D, is similar 
to that described above except a non-fibrous material is used as the 
core. Typical core materials include; foam, filled resin, paper or 
aluminium honeycomb, and even wood. Again the skin material may be 
either non-hybrid composite or type A or B material. There is a 
distinction to be made between hybrid 'materials' and hybrid 
'structures'. The difference is not always clear. Traditionally, the 
designer started with a material and shaped a component from it. With 
the versatility of composites, especially hybrid composites, the 
designer can now 'design' the material and component together. This 
flexibility blurs the distinction between material and structure.
The use of high performance hybrids is growing rapidly. Lucas 
[6] describes the use of hybrid composites in helicopter drive shafts 
and rotor blades. It is also realised that, although a hybrid 
composite may cost more initially, its extended life and superior 
performance make it cheaper overall. The increasing price and 
possible scarcity of petroleum make fibre composites and hybrids 
attractive materials for the automobile and commercial transport 
industries. Applications exist for the use of hybrids in transmission 
units, chassis members, suspensions, and structural body parts of cars 
and lorries. The possible weight savings can be as large as 1/5 to
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1/2, with the composites also having other advantages over traditional 
materials in terms of low noise transmission and freedom from 
corrosion.
1.2 The strength of simple composites
1.2.1 Statistical aspects
Even prior to the classical work of Griffth on the strength of 
drawn glass filaments, it was appreciated that the ultimate strength 
of certain solids was limited by defects present in the material. 
Simple calculations reveal the measured strengths to be orders of 
magnitude lower than would be expected from the calculated force 
required to separate all the atomic bonds simultaneously on one 
cross-section. There has since been a substantial effort placed in 
the control and removal of strength limiting defects, especially in 
the area of ceramics, and other related 'brittle' materials. Such 
materials theoretically offer the potential of great strength if there 
were no defects present. This is the prime driving force behind the 
advances made in 'whisker' technology.
Defects may be introduced into a material by a number of 
different routes, depending on the material in question and the method 
of production. In a material that has not suffered any form of 
systematic damage, we might expect there to be a distribution of 
defect severities at random positions throughout the volume. The 
chances of a given stressed volume containing a defect of a certain 
severity can only be described in statistical terms.
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It is a common notion that a chain is only as strong as the 
weakest link. This idea can also he applied to a homogeneous solid, 
even though the solid is not composed of discrete segments joined in 
series. Under this idea, we would expect the strength of a solid to 
be only as great as the strength of the weakest cross-section. If 
there is very little difference between the strength of the various 
links, then the strength of the chain ought to display two properties. 
Firstly, the strength of the chain will not change very much as the 
number of links is altered, and secondly, the strengths of different 
chains will all be similar. To take the other extreme, if the 
variation in link strength is very great, then both these properties 
are reversed. In this case, the chain would show a drastic decrease 
in strength as the chain gets longer, due to the increased chances of 
the chain containing a weak link. Also, different chains of the same 
length would have different strengths, because one chain may contain a 
weak link whereas another chain may not.
Most traditional engineering materials show little variation in 
strength from cross-section to cross-section. For example, the 
standard deviation in strength for 40 steel specimens was only 0.1 GPa 
on an average strength of 2.2 GPa; Kasai and Saito [7]« Such 
uniformity is undoubtedly desirable in an engineering material, for it 
allows for closer design limits, and ultimately, more efficient use of 
the material. Some of the more recent materials which have been 
'designed' to maximise other properties, such as stiffness, have often 
had to suffer in terms of strength, uniformity or consistency. By 
comparison to the first example, silicon carbide, although of similar 
average strength to the steel mentioned, showed a standard deviation 
of 1.5 GPa on a strength of 2.7 GPa, [7].
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Carbon, in the form of single reinforcing fibres, is a material 
of the second type discussed above. The extreme variation in strength 
is attributed to the random distribution of flaws, both in terms of 
severity and position along the fibre. Burnay and Sharp [8] observed 
defects with sizes >0.2 microns with a frequency of about 2/mm in 
carbon filaments using a high voltage microscope. Hudson and Harper 
[9] have identified three types of surface flaw on type II carbon 
fibres: a) fibril misalignment, b) fibril termination and c) fibre
waisting and bulging. The defect frequencies ranged from 5 to 50/mm. 
The longer the fibre, the greater the chance of it containing a severe 
defect. Under a constant fibre stress, the probability of survival of 
the whole fibre will decrease as the length is increased. The 
application of 'weak-link* statistics allows this probability/length 
relationship to be quantified. If Ps(link) is the probability of 
survival of a link, then the survival of a chain requires the 
simultaneous survival of all k links so that;
Ps(chain)=Ps(link)k- . (1*1)
The probability of survival of a link must be less than one, and so 
the probability of survival of the chain will be very much less than 
one. This is a demonstration of the classical ’size-effect' shown by 
flaw sensitive materials. In order to determine the probability of 
survival of a single link or fibre segment, at a given stress, the 
cumulative distribution of link strengths needs to be known. This 
distribution can be determined experimentally. Strength measurements 
can be made on a large sample of links and the results ranked in 
decreasing order. A probability of survival is assigned to each 
ranked value by the relationship;
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PsClink)^ 1- [ (rank)/( T-1 ) ] , (1.2)
where T is the size of the sample. The data represented in this way 
will follow an S-shaped decreasing curve, falling from a Ps of close 
to one, to a Ps of close to zero. The tails will be asymptotic to 
zero and unity respectively, the limit of which will be dependent on 
the sample size. Prom such a curve, the probability of survival of a 
typical link can be simply read off at the appropriate stress, and the 
probability of survival of the chain given by equation (1.1).
Weibull [10,11] proposed a simple analysis which provides a 
mathematical description of the value related probability of survival 
characteristics for homogeneous solids. The theory is substantiated 
with numerous sets of strength data covering a wide range of 
materials. Any distribution function may be written in the form ;
E(x)= EXP [-f(x)] . (1 .3)
Weibull then imposes three requirements on f(x). The function of x 
must fulfil the following criteria when x represents material 
strength; a) the function must only be positive, b) that it is only 
decreasing and c) that it vanishes at some positive value which is not 
necessarily near zero. The simplest function of x which incorporates 
the three criteria is;
f(x)= [(x-xu )/X q ]w , (1-4)
when W>0 and xu=>0 .
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Where xu is the minimum strength, x0 is the characteristic 
strength and W the Weibull exponent. This leads to the Weibull 
distribution function;
E(x)= EXP -[(x-xu )/Xo]¥ . (1 .5)
The function E(x) is equivalent to the probability of survival. At 
E(x)=0.5, x will correspond to the median value. This value has a 
probability of survival of 0.5 by definition, because half the total 
sample will have failed and half will have survived under this applied 
stress. The Weibull distribution function of equation (1 .5) can, 
therefore, be written in terms of probability of survival;
Ps(link)- EXP -[(x-xu)/Xo]w . (1.6)
It is now a simple matter to transform the link strength distribution 
to that of a chain by use of equation (1 .1 );
Ps(chain)= EXP -k[(x -x u )/Xq ]w . (1.7)
In practice, it is often more convenient to deal with the probability 
of failure Pf, rather than Ps, the relationship between the two being;
Pf= 1-Ps . (1-8 )
Equation (1.7) in terms of probability of failure then becomes;
Pf- 1- EXP -k[(x-xu)/x0]W • C-9)
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Figure 1.2(a) illustrates the general form of the Weibull density 
distribution for five values of the Weibull exponent ranging from 1 to
10, with xo=o.5 and xu=0. At W=1 the distribution is the same 
as the simple exponential distribution. At values of W less than 3 
the distribution is skewed towards low values of x, and at values 
greater than 3 towards large values of x. The distribution approaches 
the Normal distribution when W is near to 3* In the figure it can be 
seen how the distribution becomes flatter and how the mode approaches 
xQ , both as W increases. The integrated curves of the density 
distribution give the cumulative distribution curves in figure 1.2(b) 
(equivalent to Pf by equation 1.9) with all the curves intersecting at 
0.632 on the integrated axis corresponding to a value of x=0.5, i.e. 
x0. The characteristic value of x is, therefore, given by Pf at 
xu~0 and x=x0 ;
Pf= 1 - EXP(~1) , (1.10)
Pf= 0.632 at x=xo
In figure 1.2(b), the larger the Weibull exponent, the more vertical 
the curve and the narrower the distribution. As described above, if 
the variable x represents strength then the Weibull integration axis 
will be equivalent to the probability of failure.
By taking natural logarithms of equation (1.9) twice we get;
LnLn[l/(l-Pf)] = WLn(x-xu)_ WLn(x0)+ Ln(k) , (1 .11 )
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and so reduce the Weibull equation to its linear form. The curves in 
figure 1.2(b) plotted on axes of Ln(x) against LnLn[1/(1-Pf)] become 
straight lines of gradient W, figure 1.2(c). The characteristic value 
of x is given approximately by;
LnLn[1/(1-Pf)] = 0 . (1.12)
The coefficient of variation in x may be obtained directly from the 
Weibull exponent using the relationship given by Shooman [12];
cv(x) = I [ r  (1 - (2/w )) / p O - O A O )  ] !°-5 , d .1 3 )
which for large values of W approximates to;
CV(x) = 1 .2/W . (1-14)
The gamma function is displayed graphically in figure 1.3, where x is 
plotted against ]^(x). The mean value of x from the Weibull 
distribution is also given by [ll], and is equal to;
X0T  0 ( 1 /w)]
(1.15)
It may be noted that the mean, median and mode do not necessarily 
take the same value, although for 3<W<4 the difference will be small. 
By taking logarithms of equation (1 -15) we get;
Ln(x) = -1/W Ln(k) + Ln(xQ) + Ln['T(l+(1/W))] . (1.16)
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From this equation a plot of Ln(x) against Ln(k) yields a straight 
line of slope -1/W. A review and introduction to the use of Weibull 
statistics is given by Braiden [13]•
By reference to equation (1.1), the expected decrease in 
characteristic stress due to an increase in k can be calculated if 
F(x) is known. In the case of F(x) being a Weibull distribution;
EXP -(x/x )¥ = EXP ~k(x/x )w (1.17)
where xQ = Xq of chain
= xQ of link
at constant stress;
( 1 / x  ) w = k ( l / x  ) w ( 1 . 1 8 )
Xc
/ . ( - 1 /w)/ x^ - k v •
Therefore, the strength of the length (or size) k is given by;
xc - X1 • (1-19)
1.2.2 Single fibres
Much work has been expended in characterising the strength of 
single carbon fibres. The single fibre is the most basic structural 
unit of any fibre composite, and so to understand the behaviour of
21
various assemblages of fibre we must first characterise the fibre 
itself. Although there are several broad classes or categories of 
carbon fibre type, even the fibres produced at the same plant as 
different batches will be different. This leads unavoidably to a 
rather vague series of generic material properties. Fundamental 
research into the strength of reinforced composites is often concerned 
with relating the macroscopic behaviour of large pieces of composite 
to the basic properties of the two components; the fibre and the 
resin. As part of this general investigation the strength 
characteristics of single carbon fibre has received much attention.
Barry [14-1 reports an extensive testing programme on three types 
of carbon fibre. Seventeen hundred strength and Young's modulus 
measurements were made, although the author does not present the data 
with a comprehensive statistical analysis. The results show a 
coefficient of strength variation of between 13 and 22$, whilst the 
variation in Young's modulus is only of the order of 7$. The author 
illustrates a linear relationship between log strength and log length, 
and so a Weibull distribution could have been fitted to the data.
From this published data, the Weibull exponent can be calculated and 
is about 8 for all three fibre types. A similar study has been 
conducted by Hitchon and Phillips [15]» who investigated type I and 
type II carbon fibre, both at three gauge lengths. Here the Weibull 
distribution is fitted to the strength data, with values of the 
exponent ranging from 5*4 to 8.0, corresponding to different test 
series. The data also indicates that the exponent is not independent 
of length and that the strengths at short lengths (<1mm) predicted by 
Weibull theory from the results at 50mm, are higher than those 
determined experimentally. The authors propose non-Weibull material
behaviour as an explanation but do not consider the possibility of the 
inability to record a true tensile failure stress at 0.5nim with the 
test equipment used.
Moreton [16] examined four types of carbon fibre over the length 
range 5 to 100mm. The author did not attempt to fit the data to any 
specific form of distribution, but the data was presented linearly on 
axes of log length and strength, (not log strength). The deduced 
values of the Weibull exponent from the data given range from 3 to 
5.7* The author also presents predictions made using weak-link theory 
and examines its applicability. In general, the error was 6 to \1% 
when the predicted values were compared to the measured values at 
longer lengths.
Kasai and Saito [7] examine the applicability of the Weibull 
distribution with respect to strength for a range of filamentry 
materials, including oxides, carbides, metallic fibres and carbon 
fibres. For carbon fibre, they present the results from the work of 
six authors. Kasai and Saito calculated the best value of the Weibull 
exponent from the raw data, assuming a three parameter distribution. 
From the six studies, they examine nine sets of data with the exponent 
ranging from 1.8 to 7, (except one set at W=17.5)« The correlation 
coefficients were better than 0.98.
The Weibull distribution, being a very general distribution, has 
found wide acceptance for the description of carbon fibre strength.
The majority of authors report estimates of the exponent deduced by 
use of equation (1.11), but this on its own does not allow for the 
true examination of volume independent Weibull behaviour.
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Nevertheless, the values of the exponent published are in quite close 
agreement, considering the number of different fibre 'types’ 
available, and are generally in the range 2 to 8.
1.2*3 Pry fibre bundles
The simplest arrangement of single fibre segments, after a chain 
of links in series, is a parallel array as a loose bundle. The
strength distribution of fibre segments determines the strength of
such a dry bundle; that is, a bundle of fibres with no matrix binder. 
Expected dry bundle strength becomes an important feature of composite 
strength, as seen in a later section.
The classical theoretical analysis is that by Daniels [17]-
Daniels was concerned with the strength of wool fibres and derives his
analysis for identical elastic fibres drawn from a common strength 
distribution of known characteristics. Coleman [1S ] extended the 
analysis of Daniels to the case where the underlying strength 
distribution is Weibull.
When considering a large dry bundle, the load lost by the weakest 
fibre failing will be carried equally by all other remaining fibres. 
The failed fibre will be unstressed along its entire length and all 
other fibres see an instantaneous stress increase; under load 
controlled testing. Redistribution of load in this way is termed 
equal load sharing, ELS. A schematic description of this load share 
rule is shown in the lower portion of figure 1.4 for an idealised 
two-dimensional array. In the example, the load concentration 
factors, K, are shown for two failure states. Firstly, for one out of
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seven fibres failed, and secondly, for two of the seven failed. It 
can be seen how under ELS the increased load on surrounding fibres is 
equal and independent of the position of fibre breaks. Under ELS, 
load conservation gives rise to the equation;
Where n is, in this case, the total number of fibres in the bundle, 
and i is the total number that have failed, the total supported load 
will not change. Coleman showed that a dry bundle will progressively 
fail in this way until a maximum load is reached. At this point the 
next fibre to fail will cause sufficient over loading to precipitate 
failure of all the remaining fibres in an unstable manner. This 
maximum load point, which corresponds to the bundle strength, is where 
the product of the number of remaining fibres and their load is a 
maximum;
The maximum value can be found by differentiating the product 
with respect to x and setting equal to zero;
K= 1 + [ i/(n-i) ] . (1.20)
Bundle strength = MAX [ n (1-Pf) x ] . (1 .2 1)
d[ n (1-Pf) x ] / dx = 0
Bundle strength = xQ ( k W e )“^/^ . (1.22)
It may be seen in (1.22) that as W increases, corresponding to a
decrease in fibre variability, bundle strength also increases.
However, as bundle length k increases the bundle becomes weaker at the 
same rate as the single fibre. Coleman used the ratio of mean bundle 
strength to mean fibre strength as a measure of the efficiency with 
which the bundle utilises its single fibre strength. This ratio is 
designated the Coleman factor, £. .
&  = (mean bundle strength) / (mean fibre strength) . (1.23)
By combining equations (1.22) and (1.15), we obtain a general 
expression for the Coleman factor;
£ = [  W(-1/W) r O  + d / w ) )  I ' 1 . 0 - 2 4 )
On examination of (1.24), it can be seen that the relationship 
between the expected strength of a loose bundle of fibres to the 
strength of its constituent filaments is independent of length and 
characteristic stress, and only varies with W.
When there is no dispersion in fibre strength, W=0, then the 
expected bundle strength is the same as the fibre strength and the 
Coleman factor equals one. As the coefficient of variation in fibre 
strength increases above zero, the bundle strength approaches zero in 
the limit of infinite dispersion. For a typical CV=20$ for single 
fibres, the bundle strength is about 70% of the single fibre strength.
There has not been a great deal of experimental research on the 
strength of dry bundles of advanced fibre. This is not surprising, as
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the preceeding analysis shows such use of fibre to be inefficient. In 
compression, the situation is even worse. Here the bundle can not
i
even support its own weight and is structurally useless. Measurements 
on dry bundles are, however, of interest in composite research because 
they allow for a potentially easier experimental determination of ¥. 
The ratio in equation (1.24) is independent of length, and therefore, 
dry bundle strength will always be the same fraction of single fibre 
strength regardless of length. This means that on the type of plot 
illustrated by equation (1.16), the lines for single fibres and the 
lines for dry bundles of the same fibre will be parallel and both have 
a gradient of -1/W. Any measure of ¥ in dry bundles, therefore, 
should give the same value as that expected from the single fibre. 
Experimentally, strength measurements on dry tows may be easier than 
having to handle single filaments. Also, as sections of the same tow 
contain the same number and size of filaments, the load rather than 
the stress distribution can be plotted. The need for any 
cross-sectional area measurement is thus avoided.
A second method of estimating ¥ from, in this case, a single 
load/extension curve is described by Manders and Chou [191 - In a 
displacement controlled test, the proportion of fibres surviving at 
any given load can be obtained from the slope of the load/extension 
curve. As the load is applied, fibres fail and the proportion 
surviving is given by the ratio of the actual load to the projection 
of the initial linear (non-failed) portion of the curve. The 
proportion that represents the number of fibres surviving is equal to 
(1 —Pf) in equation (1.11 ), and so a plot of LnLn[ 1/(1 —Pf) ] against 
Ln(load) can be used to obtain ¥ from one test.
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Errors are likely to be introduced into both the above methods 
due to variations in fibre diameter and friction between fibres, even 
in the absence of a matrix.
1.2.4 Impregnated bundles
The expected strength distribution seen in series and parallel 
arrangements of carbon fibre have been reviewed in previous sections. 
We now enquire into the failure and strength characteristics of fibre 
groups.with the addition of a matrix binder. For our analysis, we 
consider the matrix to be a homogeneous solid of negligible tensile 
modulus and a high strain to failure. We suppose it to bond well to 
all fibre surfaces and to be capable of transferring only a shear 
force between fibres. When examined relative to carbon fibre 
properties, these assumptions are quite valid for most resin systems 
under normal conditions, for example, epoxide resins at room 
temperature.
Giicer and Gurland [20] proposed two models for an explanation of 
strength which may be applied to aligned-fibre composites. It is from 
the basis of their work that many of the present, more sophisticated 
models of composite failure have developed.
Initially, they considered two types of failure termed 
'weakest-link' and 'dispersed-fracture'. Weakest-link failure is 
initiated from the first fibre failure, which then overstresses its 
neighbours so that they too fail, and so on,in an immediate, 
catastrophic manner. This model, although being very conservative 
when compared to experimental data, does give a lower bound on
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composite strength and does correctly predict a size effect for large 
composites as observed by many workers including Hitchon and Phillips 
[21] and Barry [22]. It is not in line with direct observation of 
random fibre fractures seen in a glass composite prior to complete 
failure by Rosen [23]- Recent work by Lockett [24] also suggests that 
with fibre of appreciable variability, early fibre failures are not 
likely to give stress intensifications large enough to cause 
catastrophic failure in this manner. This is a likely failure mode 
for fibre composites in which fibre variability is very low, such as 
some metallic fibre composites. The Weibull exponent for steel wires, 
for example, can be as high as 24; Kasai and Saito [7]» In such 
cases, all the fibres will have very nearly equal strengths. When the 
first fibre breaks, all the remaining fibres will be very close to 
their ultimate load and so require little over-lbading to propagate 
complete failure.
Giicer and Gurland's failure mode by dispersed-fracture does 
account for Rosen’s observation of random fractures in a non-failed 
sheet. Failure by dispersed fracture is ultimately failure of a 
weakened cross-section. They consider a composite to be made up of a 
series of slices, each slice being composed of a number of independent 
elements. Each element is considered as a fibre segment. This method 
of description of the volume elements in a fibre composite is shown 
diagramatically as figure 1.5» On loading, random elements will fail, 
the load lost by a failed element being distributed by the ELS rule 
throughout the rest of the slice. In this way, each layer can be 
considered as a dry bundle. ELS applies in both cases and the 
analysis is identical. Within the layers above and below the failed 
layer, the complete average load is carried by all elements.
The layer containing a failed element has an increased 
probability of failure because it now sees a greater stress. Failure 
of the composite occurs when a weakened layer can no longer carry the 
applied load. This model over-predicts composite strength, probably 
due to the rather mild equal load sharing within each layer. It does, 
however, predict a shape effect on composite strength and a decrease 
in strength with absolute volume. Gucer and Gurland do not deal 
explicitly with the strength of fibre reinforced composites, and so do 
not suggest a rationale for the determination of the layer thickness.
Rosen [23] defined the dispersed fracture mode more specifically 
by equating the layer thickness to the ineffective fibre length. He 
validates the model using a two dimensional glass composite, however, 
his observed ultimate strength is less than that predicted. The model 
does not consider fracture involving more than one composite layer, 
nor local stress concentrations in fibres adjacent to failed fibres 
but treats the layer as a loose bundle. Experimentally, Rosen 
observed that the length of fibre which carries a reduced load at 
failure is much longer than the calculated ineffective length based on 
a shear-lag analysis.
Zweben [25] introduced a more severe load distribution rule, that 
of local load sharing, LLS. Zweben considers only local stress 
concentrations in the two-dimensional model of Rosen. Zweben adopted 
the formation of the first multiple fracture as a criterion for 
failure and reported good agreement between his theory and Rosen's 
results. The stress concentration factors used by Zweben are those 
calculated by Hedgepeth and Van Dyke [26] for the case of a two 
dimensional array, considering both static and dynamic factors. Scop
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and Argon [27,28] follow an identical argument in their investigation 
into the strength of a two dimensional laminate, but introduce 
qualifications. Unlike Rosen, they allow the ineffective length to 
vary with stress, requiring that the length increases with stress in 
order to maintain the force balance, the main point of contention in 
their work being the prediction of a positive size effect.
The next logical extension of the model is to consider dispersed 
fracture with LLS in a three dimensional composite. Zweben and Rosen 
[29] examine such a model by considering a square array of fibres.
The statistical computation is very complex. First, the probability' 
of a single element failure is calculated and the load distributed 
locally according to a three dimensional analysis by Hedgepeth and Van 
Dyke. The probability of each possible event after load distribution 
then needs to be calculated. Even when considering only the four 
nearest fibre neighbours of a square array the number of possible 
failure sequences presents a formidable probability calculation.
Zweben [30] compares the two failure criteria of ‘first 
over-stressed fibre' and 'weakened cross-section' for a range of 
experimental data presented in the literature. The published data 
generally falls within the bounds given by the two criteria. The 
'first over-stressed fibre' model underestimates composite strength 
but provides the closest agreement of the two.
Harlow and Phoenix [31,32,33,34] have conducted a rigorous 
computer aided study of the probabilistic failure process. They 
examine the chain-of-bundles model more thoroughly and invalidate many 
of the assumptions adopted by previous workers. They compute the
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exact probability of failure for the 2-1) slice of a composite. This 
is done by generating all possible failure sequences for a bundle of 
given size, of which there are 2n-1. They assume an underlying 
Weibull distribution for fibre strength and redistribute lost load 
according to a predescribed load share rule. The probability of each 
failure sequence in then calculated, given the applied load. They 
consider two extreme load sharing possibilites, ELS which is the 
mildest possible, and LLS where;
This value of K is the most severe possible in a 2-D array, and is 
illustrated in figure 1.4. The factor K only operates on the two 
fibres adjacent to the i failed fibres. The symbol 'if is used here 
to define the number of failed fibres that exist together forming a 
failure group. The critical value of i is that number of fibres which 
form a 'crack' of sufficient size that it may grow without an increase 
in the applied load. Limited by the cost of computer time, they were 
able to study a maximum bundle size of only nine fibres. They report, 
however, that this is really no limitation due to the rapid 
convergence of the slice strength distribution with n. Their results
are displayed graphically in terms of a dimensionless load x and 
this is equal to the actual stress divided by the scale parameter;
The dimensionless load is plotted against probability of failure on 
natural logarithmic axes in a similar way to.the Weibull plot. Single 
fibre strengths plot as a straight line with slope W, because of the
K = 1 + i/2 . (1.25)
o (1.26)
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assumption in F(x). Weakest-link scaling is achieved by a vertical 
shift without any change in shape. The probability axis is linear in 
Ln(k) or length. Having produced the distribution G(x) for the 
strength of bundles, it is transformed to H(x), that is, composite 
strength, by weak-link scaling in a similar way to that shown in 
equation (1.1). The distribution in composite strength is given by;
H(x) - 1 - [1-G(x)]m , (1.27)
where m is the number of slices, see figure 1.5, and G(x) the 
distribution of slice strengths.
The results of their investigation highlight some important 
points. They predict bundle strength to be determined by weakest-link 
theory when the number of fibres in the bundle is large, and that the 
variability of bundle strength is less than that of fibre strength.
The strength distribution for a composite, H(x), is not Weibull but 
for practical purposes can be expressed as such. Their results for a 
bundle of nine fibres are shown in figure 1.6 for values of W from 5 
to 50. They do not attempt experimental verification of their 
analysis.
More recently, Harlow and Phoenix [55] have calculated tighter 
asymptotic bounds for the strength of composites. They take the same 
basic chain-of-bundles model and load share rule, but introduce other 
variations. They allow P(x) to be a double Weibull distribution, with 
two values of W and characteristic stress. They justify the 
incorporation by quoting experimental work on single fibre 
distributions similar to those discussed in section 1.2.2. They adopt
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the same failure criterion as in [31,32]; that is, i>2. 
Mathematically, the analysis is more rigorous and yet it yields very 
similar results.
Bergman [36] extended the analysis of Harlow and Phoenix by 
adopting the same model with a more general failure criterion, 
extending the original model to include an arbitrary value of i. 
Similar results are obtained, and Bergman indicates that- ¥ of the 
composite is likely to be i-times that of the single fibre, as in 
[31,32];
^(comp) “ ^(fibre) * (1*28)
Batdorf [37,38,39] has proposed an alternative analysis for the 
prediction of composite strength. The analysis calculates the 
probability of forming an i-group for all values of i under increasing 
stress. A Weibull distribution is assumed for the single fibre 
strength of a three dimensional composite. Under the application df 
load, isolated fractures are assumed to occur referred to as 
'singlets', i=1. The nearest neighbours to the singlet are subject to 
a stress increase and at some higher load level an 6ver stressed fibre 
fails. The level of over-stressing is determined by using the K 
factors of Hedgepeth and Van Dyke [26]. The singlet thus becomes a 
doublet, which may become a triplet and, at sufficient load, may 
propagate complete failure. A logarithmic plot of the number of 
singlets against applied load yields a straight line of slope W. 
Correspondingly, a plot of the number of doublets yields a straight 
line of slope 2W. The failure line on such a plot is the envelope
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formed by all i-plet lines. As illustrated in figure 1.7, the failure 
curve is composed of several straight line segments, which approximate 
to a curve given by the dashed line. This 'curve' is similar to that 
generated by Harlow and Phoenix where both are approximately 
exponential and decreasing in terms of log stress versus log 
probability of failure. The strength of the composite is given in the 
Batdorf plot by the intersection of the dashed line with the line 
where ln(number of i-plets) is equal to zero; that is, the actual 
number of i-plets is one. The size of this critical group is given by 
the gradient of the intersecting straight line segment divided by W.
In order to obtain realistic quantities for composite strength, values 
for the ineffective length need to be chosen that are an order of 
magnitude in excess of that normally observed, as shown in the example 
quoted by the author.
Smith [40] has developed an approximate solution to the exact 
probability calculation for a 3-D square array. The analysis assumes 
only nearest neighbours to be over stressed and a Weibull fibre 
strength distribution. An approximation is introduced where;
F(x) = k (x / x q )¥ , (1.29)
in place of equation (1.9)« There is no failure criterion suggested, 
but the analysis allows calculation of the possibility that a given 
i-group will exist in a given volume at a given stress. The 
probability of there being at least one group of i consecutive failed 
fibres is given by;
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i i ¥ i iW
P(i)=(TT m) n (Tf K ) $
i=1
where m is the number of nearest neighbours in a square array of 
fibres. If i=5 for example;
¥ 5 5¥
P (3 ) = 24 n (K, k 2)
Smith also shows that ¥ of the composite will be i-times that of the 
single fibre.
Due to the intractability of a complete probabilistic analysis, 
recent workers have adopted computer simulation techniques to 
investigate the effects of such parameters as fibre variability on 
composite strength. Barry [41] presents a computer simulation that 
reinforces the notion that first fibre failure is a conservative 
failure criterion. The computer model predicts the expected range of 
composite strengths and includes both static and dynamic stress 
concentration factors. Barry adopts the chain-of-bundles approach, 
but replaces the ’ineffective length' with the 'positively affected 
length' for the slice thickness. The slice thickness is.determined by 
a stress analysis and is dependent on the fibre/matrix modulus ratio, 
the fibre volume fraction and the fibre debond length in the resin. A 
normal distribution is assumed for the single fibre strength. The 
appropriate static and dynamic K values were obtained using a finite 
difference stress analysis, the results of which are in general 
agreement with those of Hedgepeth and Van Dyke [26]. The computer 
simulation predicts the composite CV in strength and the expected 
strength range within 95$ scatter limits. Very close agreement is 
reported with the experimental results of the same author [22]. The 
model demonstrates first fibre failure to be a conservative failure
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criterion when the CV in single fibre strength is greater than 10$.
The model also predicts that the ratio of composite variability to 
fibre variability is constant and equal to 5* Oh [42] adopted a 
similar approach and stresses the requirement for an accurate 
determination of the single fibre distribution, especially at lengths 
equal to the ineffective length. For a two dimensional composite, Oh 
predicts no size effect for an order of magnitude change in size. The 
Weibull distribution is seen to describe composite strength very well 
with a variability much less than that seen in single fibre.
Manders, Bader and Chou [43] perform a monte carlo simulation for 
a three dimensional composite slice. They report good agreement 
between theory and simulation for the strength of dry bundles, and 
again, underline the inadequacy of a first fibre failure criterion. 
Using a Weibull single fibre distribution, they predict a composite 
distribution which is not Weibull, that is, with respect to the two 
parameter equation. The apparent variability of composite strength 
decreases as composite length increases. In contrast to Barry, the 
above authors predict a decrease in i as the fibre CV decreases, 
reaching a value of 1 at CV=4$; W=30. The critical group size is
typically 3-5 fractures using average fibre properties.
Fukuda and Kawata [44] also perform a monte carlo simulation of 
unidirectional composite failure. They study the effects of modulus 
ratio between fibre and matrix, volume fraction and composite length. 
They show that the rule-of- mixtures overestimates the expected 
composite strength deduced from the fibre strength. They also show 
composite strength to decrease with length.
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Essentially the latter composite strength analyses belong to a 
common statistical model. The basic features of which are;
a) The definition of a single fibre strength distribution. This 
allows the probability of formation of single fibre breaks under an 
applied stress to be calculated.
b) Redistribution of load lost by each single fracture over an 
assumed over-loaded volume. This incorporates assumptions of the 
ineffective fibre length, and of a specific load share rule.
c) Calculation of the probability that an over-loaded fibre 
fails. Load may then be redistributed by b) and the process repeated, 
or;
d) Scale the distribution of strengths of the modelled volume to 
that of a real composite by weakest-link.
A particular failure criterion maybe incorporated at c); which 
is done by defining a critical group size. The size of this group was 
originally assumed to be one, but it has grown historically upto 4-5 > 
depending on ¥. The major areas of uncertainty are in b), and in the 
definition of a failure criterion itself.
1.3 The strength of hybrid composites
1.5*1 The definition of strength
Traditionally, the strength of a solid has been defined as the
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stress required to separate the body into two or more pieces. The 
same definition can be extended to include simple composites where, 
although individual fibres or plies may fail at low stress, the 
strength is still given by the stress at which total structure fails 
on at least one complete cross-section. When considering hybrid 
composites, the definition of strength requires clarification.
In hybrid composites composed of a low elongation (LE) phase and 
a high elongation (HE) phase, the stress/strain curves for the 
individual components may appear as figure 1.8, for example, a 
carbon/glass hybrid. If the LE/HE fibre ratio is large, then failure 
of the LE component will induce failure of the small fraction of HE 
component and the total structure will fail. This will occur at
ShE figure> anc* ^ e  strength of the hybrid is defined
simply as the stress on the total structure at this point;
= £ le + £ he a he
If the LE/HE fibre ratio is low, then the possibility of multiple 
fracture exists. Under this condition, the ultimate failure stress of 
the structure should be that of the HE phase multiplied by its volume 
fraction only, provided that the failure of the LE component does not 
cause severe stress concentration in the HE component. When multiple 
cracking occurs, the strength of the hybrid may be defined as the 
stress required to cause the first LE fracture, or the ultimate stress 
carried by the HE component at complete failure. If the hybrid 
contains more than one ligament or ply of LE phase, then other 
possibilities also exist. The strength may now be defined as the LE 
hybrid stress required to fail one ply, or the stress required to
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fracture all plies once, or again, the ultimate stress carried by the 
HE component. If strength is defined with respect to a particular 
component rather that the hybrid as a whole, the problem is partially 
resolved. In this work, we are concerned with the strength of the LE 
component, which in the carbon/glass/epoxy hybrid system is the 
carbon.
1»3«2 Energetics considerations
Aveston and Kelly [45] suggests that the failure strain of the HE 
component is invariably reduced by the presence of the LE component 
but that the ultimate strain of the LE phase may remain the same.
Under conditions of multiple cracking, the spacing of cracks and 
degree of crack opening depend on whether the two components remain 
bonded after cracking. This in turn depends on the shear stress 
developed at the crack and the strength of the bond. The magnitude of 
the developed shear stress depends on the geometry, the relative 
cross-sectional to surface area and the relative stiffness of the 
cracking component.
Failure of the LE fibres leads to additional strain on the HE 
fibres. Depending on the material constants, the HE fibre may bridge 
the crack rather than suffer consecutive failure. In a finely 
dispersed hybrid, the area of HE/LE interface will be high per unit 
volume compared to a non-dispersed hybrid. In this case, there will 
only be a small distance from a failed LE fibre to a bridging HE 
fibre, and so it is probable that the full reinforcing strength will 
be maintained within the failed fibre within a short distance of the 
fracture surface. In composites which contain large units of
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non-dispersed fibre, there is likely to be a greater distance between 
bridging and broken fibre, and therefore, a greater distance will be 
required along the broken fibre before the full reinforcing strength 
is redeveloped. As a result, the displacement of the specimen ends in 
a well mixed hybrid will be less than that in a poorly mixed hybrid, 
and so the energy available to form multiple cracks will decrease as 
the dispersion increases.
Aveston and Sillwood [46] proposed an energetics argument to 
account for their measured 100$ carbon strength increase due to 
hybridisation. They calculate the minimum hybrid strain at which 
sufficient strain energy will be available to allow fibres to fail. 
They permit fibre debonding in the model and give experimental results 
which agree very closely to the theory. Comparison with other work is 
made difficult due to the definition of strength adopted by Aveston 
and Sillwood. They quote the failure strain as the strain at which 
the LE component suffers multiple fracture with a defined crack 
spacing. The calculated strain to failure of the LE fibres in a 
hybrid under the assumption of a sliding frictional bond between the 
two components is;
<?LB = [ (6 2T R  v m  )/( q E ) ]°‘5 , (l.?2)
R ” (Em Vm) / (Ef Vf) .
In the equation q is the mean crack spacing and ft” the fibre surface 
energy. The authors use a value 6f IS equal to 150 J/m^, and 
admit that the analysis is difficult to apply to other published work. 
This difficulty again arises from differences in the definition of
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strength.
1»3»3 Statistical aspects
Zweben [47] gives the first statistical approach to the strength 
of hybrids. The analysis predicts that the HE component is capable of 
acting like a 'crack-arrestor' for cracks in the LE components. The 
analysis proceeds to calculate strength of the HE component under the 
stress concentrating effect of LE cracks. This assumes the LE 
component to have already failed, and again, problems arise due to the 
definition of hybrid strength.
Chou and Fukuda [48] and Fukuda and Kawata [49] perform a monte 
carlo simulation to determine the strength of a two-dimensional hybrid 
array. The procedure adopted is to, first of all, assign a random 
strength to each element in the array. The array consists of 
alternating HE and LE fibres, as in figure 1.9» The computer program 
sequentially loads all the elements until the applied load is equal to 
the strength of the weakest element, and this element then fails. The 
load is then redistributed on the neighbouring elements via a 
load-share rule, developed using a shear-lag analysis. Under this 
scheme, the authors predict the hybrid strength to be less than that 
of a composite of just LE fibre. In their simulation the LE fibre has 
a predetermined strength distribution and so can not reveal any 
strength but the assigned value. They do not comment on whether the 
LE fibre fails at a higher stress in the hybrid, as compared to on its 
own.
Xing, Hsiao and Chou [50] propose a dynamic explanation of the
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hybrid effect. Many researchers have reported large bursts of 
acoustic emission during the failure of the LE component. The authors 
above take this as evidence that it is the dynamic stress state that 
is important, rather than the static state which is usually analysed. 
The authors follow a procedure similar to that adopted by Hedgepeth 
[26] for the determination of dynamic stress concentration factors.
The stress wave propagated from random fibre failure is believed to 
over-stress fibres with an additional loading over and above any 
static stress concentration that may be present. In a hybrid 
composite the HE component can ’absorb' this wave and so lessen its 
effect on the LE fibre. Their numerical results have demonstrated a 
basic difference between the behaviour of the hybrid and the 
mono-fibre composite. The stress concentration factor of a LE fibre 
immediately adjacent to a fibre breakage in a hybrid composite is 
equal to or less than that present in the parent composite consisting 
of only LE fibres. The analysis is difficult to apply to published 
experimental work but it does predict a positive hybrid effect for 
strength. Fukuda and Chou [51], using the same method as [48], 
predict equal first failure strains for hybrid and LE fibre 
composites.
1»3«4 Size effects
As described in section 1.2, the strength of defect sensitive 
materials is expected to be volume dependent. As a result of this, 
small units of fibre are expected to be stronger than large units.
This immediately suggests that the fibre dispersion within a hybrid 
may influence the strength of the LE component, depending on how the 
fibre is distributed on the cross-section. When determining the
extent of the hybrid effect experimentally, a comparison is often made 
between, for example, an all carbon 'control* composite and a smaller 
volume of carbon mixed with the second fibre type as a hybrid. In 
this test different strengths for the two composites may be expected 
simply as a result of the different volumes of fibre being tested.
Initially, the rule-of-mixtures was a point of contention between 
various workers. Often the mechanical and thermal properties of a 
composite can be explained in terms of a simple summation of the 
properties from each component. This is achieved through the 
rule-of-mixtures by weighting the summation for the proportions of 
each phase present. Fischer, Marom and Tuler [52] use the 
rule-of-mixtures to discount the claimed hybrid effect of Phillips 
[53]. Phillips claims an increase in the failure strain of the carbon 
phase when hybridised with glass. The strain to failure of glass 
composite is normally larger than that for carbon and so a 
rule-of-mixtures estimate for the hybrid will lie between the two 
single fibre type values. Fischer et al. [52] demonstrate their 
suggestion to be valid, in terms of strength, for a series of 
glass/carbon constructions.
The rule-of-mixtures prediction does not incorporate the 
statistical size-effect, the statistical strength variation, energetic 
considerations of fracture or the mechanics of fracture. It would be 
surprising if such a theory proved adequate for the description of 
hybrid strength.
Aveston and Sillwood [46] measured a strengthening of carbon 
fibre when combined with glass in a well dispersed system. They
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report increases of around 100$ in effective fibre strength. They do 
not give data on the size of the all carbon control specimens but they 
must have been significantly larger than the carbon 'veil' used to 
produce the hybrid. They do not allow for a size-effect but rather 
discuss the hybrid effect in terms of the energetic requirements of 
fracture.
Manders and Bader [54,55] have given a comprehensive account of 
the strength of a series of glass/carbon laminated hybrids. They show 
the relative strengths of different volumes of hybridised carbon to 
follow weakest-link behaviour. This, therefore, accounts for the 
observed variation in multiple crack spacing with applied stress and 
the relative strengths of different ply thicknesses. The absolute 
hybrid effect determination is frustrated due to the behaviour of the 
all carbon controls which do not fit the statistical model.
1.3-5 Thermal stress
If there exists a good bond between the fibre and matrix, even 
under conditions of no external load, there may be stresses built up 
as the composite cured at high temperature cools down. These 'thermal 
stresses' originate from the mismatch in expansion coefficients 
between the resin and the fibre, and in a hybrid composite, between 
the LE and HE components. The level of stress will depend on the 
actual difference between the expansion coefficients, the cooling 
temperature range, and the proportions and relative stiffnesses of the 
two components. In simple composites containing only one fibre type 
the level of thermal stress present in the fibre will usually be quite 
small. This is due to the large Young's modulus of the fibre in
comparison to that of the resin. In such a case, even when the 
expansion coefficients differ by an order of magnitude, the strain 
placed on the fibre at room temperature might typically be only 0.02$, 
with the majority of the strain being taken by the compliant resin.
In hybrid composites the situation can be very different. Now 
the low modulus component will be significantly stiff in comparison to 
the high modulus component. If the two components are present in 
roughly equal proportions with similar moduli, then the induced 
thermal strain will distribute itself equally between the two phases. 
This would give rise to a large thermal stress in both components. 
Hybrids of the type under discussion here will often contain the high 
modulus fibre as proportionately the minor component. In this case, 
most of the thermal strain would be carried by this high modulus 
fibre. In a carbon/glass hybrid the modulus ratio will be 
approximately 1:3, and so in a system where the proportion of carbon 
fibre is very small, quite large stresses can be built up in the 
carbon phase. As the expansion coefficient for glass is larger than 
it is for carbon, a compressive stress will be generated in the carbon 
on cooling.
Bunsell and Harris [56] attributed their observed hybrid 
strengthening to a thermally induced compressive stress in the carbon 
ply in a glass/carbon laminate. Manders and Bader [54,55] 
demonstrated that the thermally induced stress in their glass/carbon 
laminates is only capable of accounting for a fraction of the strength 
increase due to hybridisation. The effect if induced thermal stress 
is not in itself undesirable in terms of hybrid strengthening but it 
has, however, frustrated the research into identifying the other
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contributory factors.
1 .4 S.cope of the present work
This work is an investigation into the strength of mono-fibre 
type and hybrid composites relative to the strength of the single 
fibre. The carbon/epoxy and carbon/glass/epoxy systems used are 
widely available and of practical interest.
The first objective was to define the strength variabilty of the 
single carbon fibres. Reports in the literature often conflict over 
this point, but it may not be possible to obtain a specific 
distribution capable of defining the strength of all types of carbon 
fibre at all lengths. Care must, therefore, be used when attempting 
to relate the properties of single fibres determined in one 
laboratory, to composite strengths determined in an other. It may not 
be realistic to expect all batches of carbon to be statistically 
similar.
The strength of composite produced from the same fibre is also a 
variable quantity. It is of interest to be able to transform the 
single fibre distribution to that of a composite. This requires a 
mathematical manipulation of the fibre distribution by a process which 
accurately reflects the mechanics of composite failure after first 
fibre failure. Several such theories exist, though they are rarely 
presented with a comprehensive experimental verification. 
Experimentally, therefore, the distribution of composite strength 
needs to be determined, and then by comparison to that of the single 
fibre, insights may be gained into the mechanics of composite failure.
One of the important features of this work is that this comparison has 
been made paying particular attention to the statistical quantities 
involved.
The third aspect of the work uses the same well characterised 
fibre, but is concerned with the strength of the carbon as the LE 
phase of a glass/carbon hybrid composite. The contributions to the 
carbon strength arising from thermal effects, and that due to 
statistical related size effects, have been quantitatively accounted 
for. By determining the strength distributions over the same volume 
range of hybrid fibre as with simple composite, it is hoped that the 
mechanics of hybrid failure may be revealed. It may be possible to 
combine single fibres, impregnated bundles and hybrid bundles into one 
statistical framework capable of relating the strengths of each 
material. Hybrid composites have two additional variables over simple 
impregnated composites. These are fibre ratio and fibre dispersion.
In this study, fibre dispersion is investigated under a limited 2-D 
geometry. By combining discrete ligaments of carbon into a 
glass/epoxy matrix, the effect of ligament 'interference' as a 
function of ligament proximity has been determined.
The experimental programme was designed to measure the strength 
distribution of carbon fibres as;
a) Single fibres,
b) Dry fibre bundles,
c) Impregnated bundles,
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d) Hybrid bundles, with glass.
The strength of each fibre group has been determined over a range 
of carbon volumes. The volume range has been defined by either a 
range of lengths, or bundle sizes, or both. One single batch of 
carbon fibre has been used throughout.
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Resin
Cast epoxy 1 1 0 0 -1 4 0 0  2-41 1 -92 27-6-89-6
Cast polyester 1 10 0 -1 460  2-07-4-41 2-53 41-4-89-6
47
51
3 0 - 6 0
< 5 -0
3 M odern  P lastics  
 ^ Encyclopedia 1969-1970 , 
J M c G ra w -H ill, 1969
Fibres
Carbon H M  ( I)  
Carbon H T  ( I I )
S glass
E glass
Avco boron
Alum ina whiskers
Steel
Nylon
Kevlar 49/Carbon  
A (111)
C om posites 
(unidirectional) 
E glass (40 v/o)
2000 385-415 200 17 0 0 -2 1 0 0 950
1 700 207 122 2 4 0 0 -2  800 1 529
2490 84 34 < 4  600 < 1 8 4 7
2 550 72 28 1 SCO-3 500 1039
2 500 420 168 3 500 1 400
4000 400 100 20000 5 000
7900 200 25 3 000 380
1 100 3 3 700 636
1450 131 90 2 760 1903 2-0
epoxy (1740) 41 (24) 520 (299) 1-25-1-75
I carbon (60 v/o)
epoxy (1 680) 142 (85) 400 (238) 0-26
1:1 hybrid (1710) 89 (52) 295 (173) 0-37-1 -25
C F R P  40 v/o* (1500) 183 (122) 1834 (1 223) 1-00
B F R P  50 v/o* (1 850) 149 (81) 2 236 (1209) 1-50
G F R P  53 v/o* (1900) 30 (16) 824 (434) 2-80
M eta ls (at separation)
A lum inium 2710 71 26 80 30 43
Brass (70 C u /30Zn) 8500 100 12 550 65 8
Magnesium 1740 44 25 190 109 5
M ild  steel 7860 210 27 460 59 35
Stainless steel 7930 — — 600 76 60
Titan ium 4540 — — 620 137 20
, M . Langley 
I 'C a rb o n  F ibres  
(  in Engineering:'
J M c G ra w -H ill, 1973
)A . G . G uy,Essentials o f  M a te ria ls  Science, 
M c G ra w -H ill, 1976 
3 D . F . Adams,
/  J. M a t. S c i., Sept. 1975
A . R. Bunsell &  B. Harris, 
Com posites, July 1974 
(Failure  strain at 1st 
fail-final separation)
T . Hayashi,
B P F  Congress, 1972
R . M .  Tennant 
’ Science D a ta  B ook, 
Oliver &  Boyd, 1971
* The properties o f the constituent fibres are not given in the original paper. Values in brackets have been estimated in the absence of certain information.
Table 1.1
Taken from Hancox [l].
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Figure 1.1 Schematic representation of four hybrid composite types, 
note especially the differences in fibre dispersion.
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Figure 1.3 The gamma function, plotted for values of (x) between 
1 and 2.
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Figure 1.4 Load sharing under the two rules of a) Local load sharing, 
and b), Equal load sharing.
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5 Notional volume units present in a composite. The bundles 
represented here are three dimensional groups of fibre.
SINGLE FIBRE 
<F)
In (x /x0) 
.2 -OB
Conjecture: W_= W
LLS p
F(x) = I - EXP I
l/n
W = I - (I - G„)
U_ IO 5
0
-2
-4
-6
-8 5" 
- | 0  5-
-12 ‘"T
X3
-14 ^  
-16 
-18 
-20 
-22
0.2 0.3 04 Q5 06 07 08 1.0
. Dimensionless L o a d ,x /x0
6 Composite strength distribution curves taken from Harlow
and Phoenix [32]* The curves are drawn for a range of 
fibre Wei bull exponents, of between 3 and 50, and predict
the strength of a nine fibre bundle.
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Figure 1.7 Schematic representation of the failure 'envelope' for 
composite strength, taken from Batdorf [39’]»
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Figure 1..8 Idealised stress/strain curves for-low strain, and high 
strain to failure fibre components.
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HE FIBRE LE FIBRE
Figure 1.9 Simplified representation of the two fibre components 
in a two-dimensional model hybrid.
2 EXPERIMENTAL
2.1 Materials
2.1.1 Fibre
The carbon fibre was obtained in the form of a single 1/2 kg 
batch of high strength 'Celion 1000' tow. The fibre was manufactured 
by Celanese who supplied the following tow data:
Tow size : 1000
Finish : 2.5$ epoxy 
Twist : 0.38 T/inch 
Batch No. : HTA-7W-0322.
The glass fibre was also in the form of continuous roving. Two 
25 kg spools were obtained from Owens Corning Fibreglass. The 
supplied tow data is as below:
Type : C0SM0STRAND 
Tex : 2400 
Size : epoxy compatible 
Batch No. : 4081 F.
This roving type is produced for pultruder and filament winding 
applications. At both the top and bottom of the spool the fibre size 
became particularly heavy. Sections of fibre from these spool ends 
occasionally produced small opaque regions when impregnated as 
composite.
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2.1.2 Resin
For all impregnated bundles and hybrid bundles, a standard 
formulation of resin was used. The resin and associated cure agents 
were obtained from Shell Chemicals, and the formulation and cure 
schedule were as recommended for general purpose wet lay-up 
applications. The base resin was an epoxy, cured with an anhydride 
cure agent, and an amide accelerator. The formulation details and 
cure temperatures are given in table 2.1.
2.1.3 Pultrusion
In the early stages of this work an experimental pultruder was 
designed and built to facilitate the production of large numbers of 
nominally identical specimens. There are many advantages of such a 
fabrication technique. Firstly, all specimens produced in the same 
run would be of exactly the same cross section in terms of fibre 
dispersion and position. Secondly, to investigate size effects with 
composite length, specimens as long as is practicably possible are 
required; with continuously produced composite this would be 
straightforward. Finally, in any statistical investigation, the 
larger the sample size being tested the greater the confidence which 
can be placed in the results. Even a small laboratory pultruder could 
produce large numbers of specimens quite quickly.
Although the machine was developed to the stage where composite 
could be readily produced, there remained problems of surface finish.
A description of the design and operating conditions is given in 
appendix A. Even after several attempts to coat the internal die
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surfaces, the composite surface was never of sufficient quality to 
allow observation of either internal damage, or multiple fracture of 
the carbon in the mixed fibre specimens. It was decided that the 
process was incapable of giving the surface finish required 
experimentally, and so a second fabrication route was developed. The 
second system was based around the pre-existing filament winding 
apparatus which was already capable of high quality composite 
production. The process is described in detail in section 2.5.1* The 
glass fibre originally obtained for use with the pultruder was used 
for filament winding and throughout the rest of the project.
2.2 Single fibres
2.2.1 Fibre preparation
For all the single fibre measurements, fibres were extracted from 
a single 100mm length of tow. One end of the 100mm length was fixed 
to a glass plate. The tow was then washed in acetone, which had the 
effect of removing the epoxy size and splaying the fibres out on the 
glass plate. When the acetone had dried, approximately 80mm lengths 
of fibre could be removed from the bundle with the careful use of 
tweezers, the insides of the jaws being covered with dOuble-sided 
sticky tape. These fibres were mounted on window cards, over the 
gauge windows, as illustrated in figure 2.1. Care was taken not to 
grip the fibre by the portion positioned over the gauge window. The 
fibre ends were tacked down using ’Evostick* rubber solution glue, and 
once dry, bonded to the card more firmly up to the edge of the gauge 
window.
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To give gauge-lengths of 50 and 10mm, the window cards were used 
as supplied. For the 20mm gauge-length, the 10mm window was enlarged 
with a knife to 20mm, and for the 1mm gauge-length, the 10mm window 
was reduced by sticking two pieces of card across the gauge window 
leaving a gap of 1mm. The correct separation was determined by a 1mm 
diameter steel rod. The error in the gauge-length was no more than 1$ 
at 50mm but increased to about 20$ at 1mm. Seventy fibres were 
mounted at each of the four lengths. The diameter of each fibre was 
measured at one position, approximately in the middle of the 
gauge-length, by laser diffraction. The technique is similar to that 
described by Manders [57]- A low power helium-neon laser was mounted 
on an optical bench and aligned. A white screen was placed at 
right-angles to the beam, with the incident position of the beam 
marked, and a second mark at 200mm horizontally away from this, see 
figure 2.2. With the fibre held on its card vertically in the beam, a 
diffraction pattern of light and dark, maxima and minima, was cast on 
the screen. The screen-to-fibre distance was adjusted to bring the 
fourth minima into coincidence with the 200mm screen mark, and 
recorded as the measured variable. Each of the 280 fibres was 
measured. The diffraction pattern was quite distinct. Figure 2.3 
shows the voltage output from a photoelectric diode scanned across the 
screen at beam level. This system allowed the screen-to-fibre 
distance to be measured to within 1$. The fibre diameter was then 
calculated from this distance using the formula given by Lipson [58]j
0.5
Diameter - 7 X 1+ 4(screen-to-fibre) (2.1)
2 0.4
The laser was operated at a wavelength of 632.8nm. On a few
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cards two fibres had been mounted by accident, this was quite evident 
from the diffraction pattern and these cards were destroyed. The 
technique was checked by remeasuring some fibres using the scanning 
electron microscope. Sample fibres were photographed along with 
standard diameter tungsten wires, and the fibre diameter calculated by 
comparison. The estimated error in the fibre diameter, by the laser 
method, was 2$. This is equivalent to A% in area. The results are 
summarised in table 2.2, and a histogram of diameters recorded for the
single fibre sample is shown as figure 2.4-
2.2.2 Single fibre tests
To measure the breaking load for each fibre, a TTM bench top 
Instron tensile testing machine was used, fitted with a type 4* load 
cell. The lower jaw of the machine was the standard, lightweight 
pneumatic grip, and the upper jaw was specially constructed to be of
low mass and to be able to accommodate realignment on fibre
tensioning. For the 1mm fibre tests, the extra precaution of a guide 
arrangement which restrained undue lateral movement during testing was 
used. With the fibre cards held in the grips, the two side portions 
of card were cut using a hot wire, disturbing the fibre as little as 
possible. The fibres were tested at an extension rate of 0.1mm/min. 
The strain rates and gauge-lengths are given in table 2.3* The 
ultimate loads and extensions to failure were recorded 
autographically. The system was calibrated using a series of gramme 
weights, and the estimated error in load measurement was \% giving a 
maximum combined error in the fibre stress determination of
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2.2.3 Fracture mode
On failure, normally the entire fibre was lost from the gauge 
card, but in some cases, a small portion of fibre was left held in the 
end adhesive. Some of these cards were used for fibre fracture 
surface examination in the scanning electron microscope. Two series 
of fibre ends were retained for observation. The first series were 
fibres which failed at low stress, <2.0 GPa, and the second series 
were fibres which failed at high stress, >5*0 GPa. In neither set was 
there any obvious sign of surface defect or damage that may have 
induced failure. There was also no apparent difference between high 
and low strength fracture surfaces. In all cases, the single fibre 
fracture surfaces indicated the failure of a homogeneous brittle 
solid. The scanning electron micrographs in figure 2.5 are typical 
examples. The photographed fibre end may not necessarily have been 
the prime fracture site.
2.2.4 Single fibre results
The ultimate stress/strain points for all the single fibre tests 
are plotted in figure 2.6. Each strain value is corrected for the 
compliance of the load cell at 1 .34x10“^mm/gms. There were also 
compliance effects due to the portion of the gauge card between the 
grip and the beginning of the gauge window, and due to the grips 
themselves. These additional effects were variable and have not been 
allowed for in figure 2.6. The Young's modulus, measured for each 
fibre as the gradient of the line joining the origin to each 
stress/strain point has been calculated, and is shown as the mean 
value for each length group in table 2.3* Figure 2.7 plots fibre
failure stress against fibre diameter.
A computer program was written to sort the stress values measured 
at each gauge-length, and to calculate the appropriate probability of 
failure for each ranked value. The program is listed in appendix B. 
The data was plotted on linear axes, via the program, to give the 
experimental cdf points in figure 2.37a, and on Weibull axes as figure 
2.37b. A linear regression was performed on the Weibull plot and the 
best straight lines drawn through the data. The gradients and the 
correlation coefficients were recorded as measures of the Weibull 
exponent, and the agreement between experimental and Weibull 
behaviour, respectively. The second Weibull parameter, the 
characteristic stress, was obtained from the intersection of the 
regressed line with Pf=0.632; LnLn(l/I-Pf)=0.0. These values, 
together with the mean stress and other statistical values, are listed 
in table 2.4« Using the mean Weibull exponent of 5*8 and the values 
of characteristic stress corresponding to each length, exact Weibull 
curves were calculated and drawn over the cdf plots to obtain a visual 
impression of the agreement. These curves are shown as solid lines in 
the figure.
A second computer program was written, appendix C, to analyse the 
data in terms of a three parameter Weibull distribution. The 
procedure used was to parametrically introduce some positive value for 
the minimum stress, formerly assumed to be zero, and to calculate the 
new correlation coefficient. The correlation coeffient was then 
maximised by varying the minimum stress chosen. The maximum 
improvement in correlation coeffient was <2% using a minimum stress 
common to all four gauge-lengths, and <3% when using the optimum value
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of minimum stress at each length. In view of the small improvement, 
relative to the increased complexity of later analyses, the two 
parameter distribution has been used to describe single fibre 
strength.
As a test for weakest-link behaviour, the characteristic stress 
at one length can be predicted from the measured value at another 
length, knowing the ratio of lengths. This calculation has been 
performed, for single fibres, from short to longer lengths, and vice 
versa, with the results shown in table 2.5« The maximum observed 
discrepancy, between the characteristic stress measured and predicted, 
was generally within experimental error, and it is, therefore, assumed 
that weakest-link behaviour is maintained over the length range 
examined.
2.3 Dry bundles
2.3*1 Dry bundle preparation
Lengths of carbon fibre tow were taped onto a mounting board 
which had previously been covered with a sheet of Melinex release 
film. The board was marked with the gauge-lengths of 5, 20, 100 and 
200mm, and several lengths of tow were placed across each 
gauge-length. A two component epoxy adhesive was mixed and applied to 
the ends of each tow outside the gauge marks. Care was taken to 
ensure that the adhesive was well mixed within the fibres before a 
second sheet of Melinex film was placed over the glued area. This 
second sheet flattened the glued ends to ease subsequent gripping.
Once dry, the top and bottom sheets of film were easily stripped away,
leaving bundles of the correct length incorporated into an epoxy end 
tag at either end. Each bundle was given a light wash of acetone to 
remove the small amount of size on the fibre. Thirty bundles were 
prepared at each of the four gauge-lengths and numbered. Examples of 
dry bundles of 1000 filaments are shown in figure 2.8. The cross 
sectional area of the total bundle is simply given as the product of 
the average fibre area and the bundle size. This gives an area of 
4.87x10“®m^ for the carbon cross section. This is believed to 
be an accurate estimate based on the single fibre average, which was 
deduced from a sample size of 25$ of the total population.
2.5*2 Dry bundle testing
All the dry bundles were tested using the TTM bench Instron 
machine, with standard lightweight grips and at an extension rate of 
1.Omm/min. A typical stress/strain curve is illustrated as figure 
2.9* The estimated error in bundle stress is approximately 6$, and 
the error in length varies from 10$ at short lengths, to 1$ at long 
lengths.
2.5*3 fracture mode
Few fibres were lost from dry bundles after failure but many were 
recoiled and entangled. Fibres had obviously failed at many points 
along the bundle with no localised fracture zone, figure 2.8. All dry 
bundles suffered a reduction in extensional stiffness just prior to 
failure. Over the strain range associated with this drop there were 
no signs of fibre failure visible in the bundle. Failure in this way 
does not reveal a single fracture surface which can be characterised.
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2»3»4 Pry bundle results
The measured values for the Young's modulus of the dry bundles 
are shown in table 2.3« The same procedure was adopted, as that 
described in section 2.2.4, for the estimation of the Weibull 
parameters deduced from dry bundle strength distributions. The cdf 
and Weibull curves are shown as figure 2.38, and the Weibull 
parameters are given in table 2.4. The Weibull exponent, deduced as a 
mean value from the four estimates, is 18. This is significantly 
higher than the value obtained from the single fibres, a point 
considered further in the Discussion. At a length of 20mm, the dry 
bundle mean strength is only 69$ of that measured in single fibres.
Again the weak-link estimates are within experimental error as 
calculated at Pf=0.632. An overall impression of weak-link behaviour 
at all probabilities may be obtained from figure 2.38b. True 
weak-link scaling would simply displace the Weibull line with no 
change in slope, but with the lines not being exactly parallel this is 
not possible. The weak-link estimates are shown in table 2.6.
2.3.3 Computer simulation of dry bundle failure
A computer program was written to model the process believed to 
be responsible for dry bundle failure. Failure under ELS has been 
treated analytically by Coleman [18], as described in the 
introduction. Computer simulation of the process envisaged by Coleman 
may give a clearer insight into the mechanics of dry bundle failure, 
and provide a second means of comparison between experimentally
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determined strengths and the anticipated strength from ELS theory.
The program is listed in appendix D. The procedure adopted in the 
program was to define an exact Weibull distribution of fibre strength, 
using the measured parameters of Weibull exponent and characteristic 
stress of the single fibre. The Weibull exponent used was 5.8, and 
the characteristic stress was taken from the extrapolated Weibull line 
in figure 2.10, and its intersection with the length of bundle being 
simulated. A random number between 0 and 1 was generated for each 
fibre in the bundle, this being equivalent to assigning a random 
probability of failure to each fibre. Each probability of failure was 
simply converted to a Weibull strength via the defined distribution.
A check on the true random nature of the random number generator was 
performed by plotting the generated number against its integrated 
frequency, figure 2.11. A perfectly random distribution would have a 
horizontal frequency distribution, and hence, an integrated 
distribution which would be linear, with a gradient of one. This 
behaviour was followed closely for the first 1000 numbers examined.
The bundle of required size was then loaded from zero, in steps 
of 0.01 N, which gives a resolution in bundle stress of better than 
0.001 GPa for a 1k bundle. At each load increment, a check was made
to test every fibre for failure. Failed fibres were removed from the
bundle and their load redistributed equally on all remaining fibres. 
This process was iterated 100 times for each bundle configuration, and 
the values of load at instability and proportion of failed fibres were
averaged over the 100 trials.
The program was used to examine bundles of all sizes up to 1k, 
including ’bundles’ of one fibre. A plot of the mean strength against
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bundle size 'n' is illustrated in figure 2.12. The iteration was 
conducted at the same lengths as the experimental dry bundles. The 
predictions for single fibre strength at these lengths are compared to 
the extrapolated values obtained from the mean strength line in figure 
2.10. The numerical values are compared in table 2.7, and the 
difference can be seen to be generally less than 6%. In the same 
table, the comparison between 1k bundle strength by iteration and that 
by Coleman’s analysis less than 4$. Comparison of either with the 
experimental strengths is close at a bundle length of 20mm, but rather 
poor at other lengths. The causes for this discrepancy are considered 
in a later section.
2.4 Impregnated bundles
2.4.1 Impregnated bundle preparation
Lengths of Celion 1000 were taped to a work board, as described 
for the production of dry bundles. In the case of 1k impregnated 
bundles, the ends of 400mm lengths of tow were incorporated into the 
epoxy adhesive. Small wire hooks were also placed into the adhesive, 
which would later allow the bundles to be suspended, carrying a small 
weight to lightly tension the tow, see figure 2.13. Dry tows thus 
prepared, were then submerged in a bath of resin at 70° C and 
together degassed in a vacuum oven for 15 minutes. While in the resin 
bath, the tow fibres could be seen to be well separated, showing 
complete penetration of the hot resin. Each tow was then suspended 
vertically in a large air circulating oven, with a mass of 50gms fixed 
to the lower hook. The mass gave a slight tension to the tow 
(<0.005$) keeping it straight, and allowing all the inherent twist to
"be removed by letting the weight rotate to its rest position. The 
resin formulation and subsequent cure schedule were as standard 
throughout the work, and are as given in table 2.1. At 100°C the 
viscosity of the resin was sufficiently low to allow all the excess 
resin to drip from the bundle into a catch tray.
Fully cured tows were then removed from the oven and the hooks 
broken off from the ends for reuse. A total of 150 1k impregnated 
bundles were produced in this way. For testing, the bundles were 
bonded to aluminium end tabs, as shown in figure 2.14* Thirty bundles 
of 1k were prepared at each length of 20, 50, 150 and 500mm. The 
aluminium end tags allowed the bundles to be loaded via a hook and eye 
arrangement at both ends, allowing each bundle to align itself with 
the loading direction and so reduce errors due to bending, see figure 
2.15.
Impregnated bundles of 5k and 9k fibres were produced in a 
similar manner. For the production of the 5k bundles, three 1k dry 
tows were wired together at their ends before incorporation into the 
end adhesive. For the 9k bundles, nine tows were used. Thirty 
bundles were prepared at each length of 5, 20, 50 and 150mm for the 5k 
series, and fifteen bundles at these lengths for the 9k series. 
Aluminium end tags were bonded to the impregnated bundle ends, as with 
the 1k series.
The total carbon cross section of all the bundle sizes was easily 
determined, and is given by the product of the average fibre cross 
sectional area and the number of fibres in the bundle. From diameter 
measurements of the impregnated bundles, the precise fibre volume
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fractions could then he calculated. The mean bundle diameters were 
0.33> 0.63 and 1.2mm, which corresponds to fibre volume fractions of 
0.69, 0.48 and 0.39 respectively. All the impregnated bundle sizes 
gave approximately circular cross sections. From observation of 
polished cross sections, figure 2.16, it can be seen that the multiple 
tow bundles do not show close packed fibre arrangements, the large 
bundles containing discrete bundles of 1000 fibres. This effect 
persisted even after quite aggressive impregnation techniques had been 
tried. Production of large bundles by this method, however, was 
considered more satisfactory than obtaining larger tows of similar 
fibre, fibre which being of a different batch would be statistically 
uncharacterised.
2.4.2 Impregnated bundle testing
All bundles were tested in the Instron tensile testing machine, 
using the hook and eye arrangement, and at an extension rate of 0.5 
mm/min. The estimated error in both bundle length, and load, was of 
the order of This gives an Q% error in bundle failure stress.
2.4.5 Impregnated bundle fracture
Failure of all the impregnated bundles was instantaneous and 
occurred without warning. There were no signs of damage prior to 
failure either in the load/displacement curve, visibly or audibly, in 
the specimen. Scanning electron micrographs of typical failure zones 
are shown in figure 2.17* The length of failure zone was 0.3mm in the 
1k and 3k bundles, and marginally longer in the 9k. There was little 
splitting of any of the bundles at failure, except in three of the 9k
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specimens. Single fibre pull-out lengths seen on impregnated bundle 
fracture surfaces varied between zero and 25 microns, although groups 
of fibre protruded by a much greater distance.
2.4»4 Impregnated bundle results
The stress/strain curves for all the impregnated bundles were 
similar and were linear to failure with the measured values of Young's 
modulus given in table 2.5* Generally, the value of Young's modulus 
decreased with increasing bundle size. On correcting for volume 
fraction, the values of modulus associated with just the fibre are 
quite consistent and give a mean value from all impregnated bundles of 
209 GPa.
The stress distributions for the impregnated bundles were 
plotted, as described for the distributions obtained from the single 
fibres, and are shown in figure 2.39» The statistical parameters are 
shown in table 2.4, and the comparisons with weak-link behaviour in 
length, in table 2.8.
The Weibull moduli, expressed as the mean value from the four 
estimates at each bundle size, are 16, 15, and 16 for the 1k, 3k, and 
9k bundles respectively. Weak-link scaling, with respect to length, 
is followed to within 8% in the 1k impregnated bundles. In the larger 
bundles the discrepancy is generally larger than 10$, see table 2.8. 
Weakest-link scaling between bundles of different size has also been 
calculated, and is compared with the experimental results in table 
2.9* The measured 3k mean bundle strengths are generally 1% greater 
than that expected from scaling the 1k data. The actual discrepancy
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increases marginally with "bundle length. The 9k bundle strengths are 
1y% stronger than the 1k strengths scaled to 9k. Accounting for the 
small degree of thermal stress present in all the impregnated bundles, 
both of the above discrepancy percentages would be reduced by 1$.
With an experimental error of 8%, only general deductions can be made 
with respect to the precision with which the impregnated bundle 
strengths scale, according to the weakest-link rule.
As an overall observation, the impregnated bundles show a much 
narrower distribution in strength than either single fibres or dry 
bundles. The mean strength of the 1k impregnated bundles at a length 
of 20mm is 68% greater than that for the same length of dry bundle, 
and 15% greater than that of single fibre. The differences between 
the strengths of the three impregnated bundle sizes is less easily 
defined. The difference between the maximum and minimum mean value 
from all the impregnated bundles was only 11%.
2.5 Single ligament hybrids
2.5*1 Hybrid specimen preparation
Hybrid specimens, containing a single ligament of carbon 
supported by a glass/epoxy matrix, were produced by a filament winding 
process, see figure 2.18. Single tow lengths of carbon were 
impregnated with resin by the method described for the production of 
single impregnated bundles. For hybrid production, the impregnated 
tows were given only a partial cure; 50 minutes at 100° C. This 
had the effect of gelling the resin when cooled to room temperature, 
and so produced a well impregnated bundle which could be handled but
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was not fully cured. Several partially cured tows were tensioned 
across a steel winding frame using elastic bands and the hooks 
previously bonded to the tow'ends. The tensional force did not exceed 
1.0 I, corresponding to 0.0095$ strain. The inside dimensions of the 
frame were 220 x 400mm, allowing lengths of 300mm to be tensioned in 
the long direction of the frame. Six tows were fixed into the frame 
in this manner at a separation of 20mm. The frame was then over-wound 
with dry glass fibre, in the long direction to a prescribed thickness, 
ensuring that the glass fibre was laid down as parallel to the carbon 
tows as the winding angle would permit. The winding angle was 89° 
at a pitch of 2mm. The frame carrying the tows and dry glass fibre 
was placed over an open mould. The frame was able to fit around the 
outside of the mould allowing the fibre to pass through the mould 
itself, see figure 2.18. The mould surfaces had previously been 
covered with a wax based mould release and allowed to dry. Also, a 
sheet of Melinex release film was laid in the mould on top of the wax 
layer and under the fibre, as a further precaution against the cured 
resin adhering to the mould. The open mould carrying the fibre and 
frame was placed in a large vacuum box. Resin which had already been 
degassed was poured onto the fibre, and with the mould still open, the 
top of the vacuum box was closed and the box evacuated. The mould was 
left in the box for 15 minutes to allow the hot resin to impregnate 
the dry fibre. After this time the frame was removed from the vacuum 
box, and a second sheet of release film placed on top of the 
impregnated fibre. Any air still trapped within the fibre was 
expelled by hand using a plastic spatula. The top of the mould was 
positioned into the bottom of the mould and lowered onto the top sheet 
of film. The closed mould, containing the impregnated fibre within 
the frame, was placed in an air circulating oven. Weights were placed
on the mould, sufficient to give a pressure of approximately 15 
kN/m^» The mould was left in the oven for the required cure time 
and temperature as given in table 2.1.
Once cured, the hybrid plate was removed from the frame. Each 
carbon ligament was cut out of the plate, with sufficient glass 
material surrounding it to produce six specimens, each 12mm wide and 
of the plate thickness 2mm. These strips were post-cured under a 
small weight for the prescribed time; table 2.1. Many such specimens 
were prepared during the development of the fabrication process and 
for the development of the techniques used to record carbon fractures. 
In the early stages it proved particularly difficult to keep the 
carbon tows straight, and many tensioning and impregnation techniques 
were tried before the method described above became successful. The
results presented for the 1k hybrid series are from seventeen
nominally identical specimens, and a typical specimen is illustrated 
at the top of figure 2.19-
Single ligament hybrids of larger bundle size were produced in a 
similar manner. For these test pieces, bundles of 3 and 9 tows of 1k 
were impregnated and partially cured, as before. These large bundles 
were incorporated into a glass/epoxy plate in exactly the same way as 
the 1k bundles. Specimens were produced of the same dimensions as the 
1k hybrid bundles, but containing 5k or 9k fibres. Six specimens were 
produced at both the larger bundle sizes.
Each hybrid test piece was marked with a 200mm gauge-length, end
tagged, and had a strain-gauge positioned at the mid-length.
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2.5*2 Single ligament hybrid testing
To measure the strength of the carbon in the hybrid testpieces, 
each specimen was strained while a camera recorded fracture events 
within the defined 200mm gauge-length. To allow the carbon fractures 
to be easily identified, the back face of each testpiece was painted 
black. With the room lights off and a 50W tubular fluorescent lamp 
placed on either side of the testpiece, the white debond zone 
associated with every fracture was clearly contrasted against the dark 
background. The camera was placed so that the entire 200mm 
gauge-length was photographed in each exposure and the best results 
were obtained using an aperture of F2.8 at l/4sec. The strain-gauge, 
which was fixed to the back of the specimen, so as not to obscure any 
of the gauge-length, was connected to a bridge completion and 
balancing network. The calibrated output from this was displayed on a 
digital voltmeter, reading from 0V to 10V and corresponding linearly 
from 0% to 2% strain. The system was calibrated by inserting a 
calibration resistance of 10,950 ohms across one of the bridge arms. 
The value of resistance was calculated from the manufacturers 
strain-gauge constant and is equivalent to 2%. The expected error in 
strain from variation between gauges is 2%. The digital voltmeter was 
accurate to four figures but at voltages less than 10V only three were 
displayed. This gives a resolution in strain measurement of 0.002$. 
The digital voltmeter was positioned so that the strain reading 
appeared in the side portion of each photograph, thus recording the 
strain and fracture state simultaneously. A millimeter scale was 
positioned alongside the gauge-length. The scale was attached to the 
specimen at the position of the lower gauge-length mark and nowhere 
else. This allowed the specimen to extend independently of the scale.
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Each specimen was tested using an Instron 1195* The first photograph 
was taken with the specimen held only by the bottom grip and, 
therefore, at zero strain. The top grip was then tightened and the 
hybrid extended at 0.05mm/min. Close attention was paid to the 
gauge-length and a photograph taken at the instant of each carbon 
fracture. At such a slow strain rate, each test took about one hour 
but this allowed time to spot and photograph fractures without the 
fear of missing any. The specimens were not generally tested to 
destruction. This was done so that fractures appearing in the 
photographs could be compared with the specimen at leisure after the 
test. In this way any ambiguous marks in the photograph could be 
positively identified from close examination of the unloaded 
testpiece.
Data analysis
From each series of photographs, for example figure 2.20, the 
strain and position of each fracture was measured. Enlarged versions 
of the figure were used in practice. For the precise spotting of each 
fracture, the photograph series was analysed in reverse order. The 
tested specimen was compared to the highest strain photograph and each 
mark in the photograph was positively identified as a tow break. The 
mark was then traced back through successive pictures until the frame 
was found at which the fracture first appeared. The strain of this 
photograph is given as the failure strain of that position. This data 
was entered into the computer for each specimen, as a voltage from 0 
to 10 and a position from 0 to 200. A program was written to first 
calculate strain from voltage, and correct the position of measurement 
for each fracture to the equivalent position at zero strain. The
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strain was then converted to stress using the standard modulus of 215 
GPa. Seventeen 1k hybrid specimens were tested.
A second program, appendix D, then selected from each of the
seventeen sets of data, the lowest strain fracture seen in each of the
200mm gauge-lengths, and put these values into a separate file. This 
data was then sorted and plotted as the cdf for the 1k hybrid bundles 
at a length of 200mm. This system of 'notional gauge-length' is
illustrated in figure 2.21. The program then selected, again from the
total seventeen data sets, the lowest strain fracture seen in the 
lower 100mm of each gauge-length and the lowest strain fracture seen 
in the upper 100mm of each gauge-length. Two readings were obtained 
from each 200mm specimen. The thirty-four strain readings 
corresponding to 100mm of bundle were sorted and used to plot the cdf 
for 1k hybrid bundles 100mm in length, using program B. It can be 
noted that the strain for each specimen at 200mm will reappear as the 
lower of the two 100mm strains. This procedure was continued to 
obtain the sixty-eight strain values for the bundle lengths of 50mm, 
and to obtain the 170 readings at 20mm. When processed the 20mm 
notional gauge length had recorded only 168 values. This indicated 
that at two positions within the total seventeen specimen lengths 
there were sections longer than 20mm that had survived. This 
introduces a small error into the upper tail of the 20mm distribution, 
but being such a small proportion of the total population is assumed 
insignificant.
The same testing and analysis technique was used for the larger 
bundle hybrids. In these specimens, observation of the ligament 
fractures was made easier due to the longer debond zones. The mean
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debond length of 1.5mm seen in the 1k hybrids increased to 5*6 and 
8.9mm in the 3k and 9k bundles respectively. Examples of bundle 
debonding are shown in figure 2.22, and the mean values are included 
in table 2.11.
2.5*4 Single ligament hybrid results
From the distributions of failure stress associated with each 
bundle size and length, the Weibull parameters have been determined as 
described in section 2.2.4. The measured strain was converted to 
fibre stress using the standard carbon mudulus of 215 GPa. The
Weibull parameters are listed in table 2.4* The cdf curves for the 1k
hybrids are shown in figure 2.42a, and the Weibull plot in figure 
2.42b. The 3k bundle data is shown in figures 2.43a and 2.43b, and
the 9k data in figures 2.44a and 2.44b. The mean strengths and other
statistical values are compared in table 2.3
The mean Weibull exponent for the 1k bundles is 24, with a 
minimum correlation coefficient at this bundle size of 0.988. The 3k 
bundles did not show the same close agreement with the Weibull 
distribution and gave a mean exponent of 29 with a minimum correlation 
of 0.942. There was also significant variation in the Weibull 
exponent between the different lengths in the 3k bundles, where the 
exponent ranged from 24 at 20mm to 33 at 200mm. In the 9k bundles the 
agreement also was rather poor. The mean Weibull exponent was only 15 
and the correlation was never greater than 0.934*
The agreement with weak-link scaling for the hybrid data is shown 
in table 2.10, and is within experimental error. The calculations are
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made using the Weibull exponents determined for each bundle size. The 
Weibull exponents of the hybrid bundles are generally 50$ greater than 
those of the impregnated bundles, with the absolute values of mean 
strength also considerably greater, table 2.4. Comparing strengths at 
equal bundle sizes of 1k and equal lengths of 20mm, the impregnated 
strength is 2.82 GPa, and the hybrid strength is 3*71 GPa; an 
increase of over 30$. The same approximate increase is maintained 
over the four bundle lengths, but not between the three bundle sizes. 
The strength of the 3k hybrid is on average 5% less .than the 1k 
hybrid, but the 9k hybrid data appears completely out of sequence with 
the 20mm strength actually greater than the 1k 20mm strength. The 
difficulties of accurately determining the strength of the 9k hybrid 
bundles at lengths greater than 200mm is considered in a later 
section.
2.3.3 Hybrid fracture
Failure of the carbon ligament in the hybrids was accompanied by 
an audible 'ping', indicating a fast fracture with a large release of 
elastic energy. The position of tow failure could be identified under 
correct lighting conditions through the transparent glass, and a white 
debond zone seen either side of the tow fracture. The length of 
fracture zone in the 1k hybrids is of the same order as that seen in 
1k impregnated bundles, that is, about one bundle diameter. On a 
polished cross section of hybrid, fractures can be seen as close as 20 
microns in the same fibre, suggesting an ineffective fibre length of 
approximately 40 microns. With the hybrid in a relaxed condition 
there still exists a displacement of fibre ends of about one fibre 
diameter, figure 2.23* The distance between successive fibre steps,
that trace the fracture path across the entire bundle, again appears 
to he of the order of 50 microns in all hybrids.
Very few isolated fibre fractures were observed, on polished 
transverse sections, that were not associated with a complete tow 
fracture. There were no sites larger than a 'singlet' seen in any of 
the specimens at positions remote from the failure line.
2.5*6 Debond length in hybrids
The mean total debond length *Ld' in hybrid specimens is defined 
as the average total length of whitening seen associated with each 
fracture. For each of the three bundle sizes the mean debond lengths 
are given in table 2.11, each value being averaged over 20 
observations. Using the interfacial shear strength, the expected 
debond length can be calculated approximately by equating tensile and 
shear forces acting on the bundle. Using this force balance a value 
for the interfacial shear strength has been calculated from the 
maximum observed single fibre pull-out lengths seen on impregnated 
fracture surfaces. The force balance is given by equation 2.2;
O' r = 2 T  L . (2.2)
The value O' is the stress on the bundle when debonding occurs, r is 
the radius, L the length and T  the interfacial shear strength. The 
stress used was 2.7 GPa which is a typical fibre stress at bundle 
failure. The force balance gives 200 GPa for the interfacial 
strength. This is about twice to three times that normally measured 
from inter-lamina shear tests; Yamini and Young [59]* The
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excessively large value as determined from equation 2.2 is probably 
due to an underestimate of the pull-out length. Although the maximum 
fibre length observed on a fracture surface would theoretically 
indicate half the ineffective length, in practice the full length of 
fibre pull-out may not occure due to constraints imposed by the 
fracture path. Using this value, however, the expected bundle debond 
lengths can be calculated for the hybrids. The hybrids strengths are 
used together with the appropriate bundle radius to give 0.9, 1*3 and 
2.0mm for the 1k, 3k and 9k hybrids respectively. The determination 
of the appropriate radius is made difficult due to the irregular 
circumference of the multi-tow bundles.
2.5»7 Acoustic emission monitoring
A set of hybrid specimens was monitored for acoustic emission 
during testing. Three pietzo-electric transducers were held in 
contact with the specimen and acoustically coupled to it using a thin 
film of petroleum jelly. A transducer was fixed at each of the three 
marks on the specimens shown in figure 2.24* The distance between the 
two outer 'guard' transducers was 100mm, this allowed the central 
transducer to monitor just less than 50mm of specimen length. The 
output from the transducer is first amplified and then passed to a 
level detector. The detector outputs a pulse every time a pre-set 
threshold is exceeded. The number of pulses within a 2 second period 
are counted, and displayed on a chart recorder. Typical acoustic 
emission traces are shown in figure 2.25 for an all glass specimen, 
and 1k, 3k and 9k hybrid specimens.
In the figure, acoustic emission amplitude is plotted with the
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stress/strain curve for each specimen. The technique was capable of 
resolving tow fractures readily but could not be used to assess the 
number of single fibre fractures immediately preceeding tow failure. 
The system was particularly sensitive to the amount of jelly used for 
coupling. Certain traces, for example the 1k bundle trace 
illustrated, showed this unavoidable effect of the random nature of 
the coupling between different specimens.
2.6 Double ligament hybrids
2.6.1 Double ligament preparation
A series of double ligament hybrid specimens was prepared to 
investigate the influence of fibre dispersion on bundle strength. In 
these testpieces, two 1k bundles of carbon were incorporated into a 
glass/epoxy matrix forming a double ligament hybrid. The overall 
geometry of the testpiece was kept constant and to the same dimensions 
as the previously described single ligament hybrids. Both bundles 
were located on the mid-plane of the specimen thickness, and the 
distance between the bundle centres was designated as 's'. Ten 
specimens of this type were prepared at values of s ranging from near 
zero to 5*2mm. The specimens were produced by the normal filament 
winding process, as described for the single ligament series, figure 
2.18. The bundle separation was determined by two spacers of required 
thickness placed between the two tows, prior to the winding of the 
glass. The frame carrying the spaced tows and dry glassfibre was 
impregnated in the mould and cured in the normal manner. Due to the 
extra complexity of the arrangement used to fix the double bundle ends 
into the frame, hybrids of this type could not be produced with a
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central gauge-length of 200ram. Instead, a gauge-length of 100mm was 
marked on each specimen. It is noted that this reduced gauge-length 
still samples 200mm of 1k tow in total per specimen. Each of the ten 
specimens had a strain-gauge fixed to the central portion and the 
usual aluminium end tags were bonded to either end. The strain-gauge 
side of each specimen was painted black to allow for easier 
observation of the carbon tow fractures, as previously described. The 
examples of the specimen series are shown in figure 2.26.
2.6.2 Double ligament testing and analysis
Due to the low number of specimens produced, (one at each of ten 
values of s), the method of analysis previously described for the 
measurement of single ligament hybrid strength is inappropriate. As 
an alternative method, it was decided to monitor the number of tow 
fractures present as a function of applied strain. In this case, the 
number of fractures per 50mm of bundle length gives the possibility of 
four measurements from each double bundle gauge-length of 100mm. This 
data may then be compared with the data obtained from the single 1k 
ligament hybrid series, recomputed and presented in the same form. A 
program was written, appendix F, which plotted the previously gathered 
single 1k hybrid data in terms of applied strain versus number of 
fractures per notional gauge-length, figure 2.27. In the case of the 
200mm line, each point is a mean from 17 specimens, and in the 20mm 
line, from 168 observations. It may be seen how all the lower tails 
of the gauge-length lines fall below a mean crack count of one at low 
strains. It is quite possible to have a mean number of cracks less 
than one, when some of the considered gauge-lengths have one crack, 
and others, no cracks. To a first approximation, the average strength
of any of the plotted gauge-lengths will correspond to the 
intersection of the mean curve with a mean crack count of one. In
practice, the failure strain associated with the average of all the 
strains required to fracture each gauge-length once, will he greater 
than the strain required to give an average number of cracks per 
gauge-length of one.
If each of the four 50mm lengths of single tow present in each 
double bundle hybrid fails independently, it would then be expected 
that curves of the mean number of cracks against applied strain would 
fall on the 50mm line drawn from the single bundle hybrid data. 
Conversely, if s was sufficiently small to allow a fracture in one 
bundle to immediately cause fracture in the second bundle, then the 
double bundle crack curve would be expected to fall nearer the 100mm 
single bundle line. In this way, the relative positions of the double 
bundle mean crack count lines, with respect to the 50 and 100mm single 
bundle lines, are used to determine the degree of ’bundle 
interference' as a function of s.
As previously measured, the coefficient of variation in hybrid 1k 
bundle strength at 50mm is only 3.6%. This small degree of strength 
variability enhances the sensitivity of this measuring technique. 
During the course of testing, it was not possible to test all 
specimens to the same maximum strain, and it is, therefore, only 
appropriate to conduct the analysis up to the maximum strain seen by 
all gauge-lengths, which was 1.72$.
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2.6.3 Double ligament results
An expanded version of figure 2.27 is shown as figure 2.28, with 
only the 50 and 100mm single hybrid curves drawn. For clarity, only 
four of the double bundle lines have been included, and these are 
drawn from specimens at s=0.3, 0.8, 3*0 and 4.1mm. At a 
centre-to-centre separation of 0.3mm the bundles are almost touching, 
and as can be seen in figure 2.28, the fracture rate per 50mm of 
length is nearly double that seen in the single bundle hybrids. To 
obtain a fracture rate of twice that in the single hybrids, every 
fracture must induce a second fracture in the neighbouring bundle. 
Under such conditions the interference can be said to be total; as 
shown in figure 2.29* At the other extreme, where the bundle spacing 
is greater than 4mm, the fracture rate is only marginally greater than 
that of the single hybrid. In this case the fracture of one bundle 
appears to have little effect on the strength of the adjacent bundle.
Figure 2.30 is a plot of bundle spacing against fracture density, 
at a strain of 1.72%. In this figure, all the fracture counts lie 
between the 50 and 100mm lines obtained from the single ligament data. 
The figure also illustrates how the fracture density increases as s is 
reduced. The solid line is drawn by eye, but it indicates the rapid 
increase in bundle interaction as the separation falls below ten 
bundle diameters. The data is summarised in table 2.12. As a second 
measure of the interference between the two hybrid bundles, the ratio 
of adjacent to non-adjacent fractures may be calculated. Two opposing 
fractures, that have debond zones which overlap, are defined as 
adjacent for this purpose. Once again, the fracture state at a 
constant strain has been analysed. The coincidence ratio is defined
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as the number of fracture pairs, divided by half the total number of 
fractures present in both bundles. This gives a ratio between 0 and 1 
corresponding to 'zero' adjacent pairs and 'all' adjacent pairs, 
respectively. In figure 2.31, the coincidence ratio is plotted as a 
function of s. There does exist a possibility that two fractures may 
be adjacent by chance, rather than by interference. This probability 
increases as the absolute number of fractures increases, and so is a 
function of s. At large values of s, (s>3»0), the coincidence ratio 
appears to be asymptotic to a value near 0.2.
2.7 2-D hybrid arrays
2.7.1 2-D hybrid specimen preparation
Hybrid composites were produced incorporating many 1k bundles as 
a 2-D array. Six hybrid specimens of this type were produced, two at 
each of the following bundle spacings; 1.5, 3*0 and 6.0mm. The 
specimens were prepared by filament winding the glass fibre over a 
steel frame containing pre-tensioned carbon tows in the normal way, 
figure 2.18. To keep the carbon ligaments parallel and at the correct 
spacing, each bundle end was firmly bonded to a common tensioning tab, 
as figure 2.32. The tab was then tensioned into the steel frame, 
prior to the glass winding. Impregnation and cure were as previously 
described for the single ligament hybrid specimens. Two plates of 
hybrid material were produced, each plate containing two specimens of 
each array size. Test pieces from the first plate contained tows 
which were not completely parallel and so these specimens were used 
simply to determine the optimum testing conditions, lighting and the 
position of the camera. All six test pieces from the second plate
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were of good quality. Each specimen was marked with a gauge-length of 
50mm. Although test pieces containing a 2-D array could he made to a 
length of 100mm, it proved too difficult to adequately light and film 
such a long gauge-length. The three array spacings were chosen to 
correspond to separations of 5, 10 and 20 bundle diameters. From the 
two ligament hybrid results, it was seen that interference increased 
greatly as the bundle separation decreased below ten bundle diameters. 
For this reason the 2-D arrays were produced at this spacing and two 
others, one greater and one less than ten bundle diameters. At very 
low values of s (< 1mm) it proved difficult to achieve consistent 
volume fractions of glass between the carbon ligaments, and so s=1.5mni 
was the smallest 2-D plate produced.
2.1.2 2-D hybrid testing and analysis
Three typical specimens are illustrated in figure 2.52. Each 
specimen was tested in an Instron 1196 tensile testing machine. This 
machine was equipped with larger and wider grips than the 1195 and so 
allowed the full 30mm of specimen width to be adequately held. Strain
was recorded in the normal manner and each specimen was tested at 0.05
mm/min. The fracture state was recorded as a function of strain 
photographically.
2.7*5 2-D hybrid results
Typical fracture patterns at a strain of 1.12% are illustrated in
figure 2.33 for the values of s=6 and s=1.5mm. At this strain the
approximate fracture densities per 50mm length of carbon ligament was 
7, 4 and 3 corresponding to 1.5, 3*0 and 6.0mm separations
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respectively. From figure 2.27 the fracture density at 50mm for the 
single ligament hybrids was approximately 2.0. From this data it 
would appear that even at a ligament separation of 6.0mm (20 ligament 
diameters)there still exists a small degree of interference. The 
fracture density line in figure 2.27 is a mean from 68 50mm lengths. 
The 2-D hybrid fracture densities are means from 22 lengths at s=1.5, 
12 lengths at s=3»0 and 8 lengths at s=6.0mm. Although the ligament 
spacing was maintained in the 2-D arrays to within 0.5mm, the local 
volume fraction of glass between each ligament was variable.
Variations in volume fraction will obviously introduce a variation in 
the strain redistribution ability of the glass phase, and the fracture 
density in the carbon.
A series of fracture photographs was taken during each test, as 
described in the above section, at increasing strain. For analysis of 
the data, however, it was thought better to only consider the fracture 
states at the largest possible strain, 1.12%, and make use of the 
averaging effect due to the large numbers of fractures being counted. 
By interpreting the fracture densities for the 2-D hybrids in the 
light of figure 2.27, it is possible to make an estimate of the strain 
concentrating factors causing the ligament interference. The fracture 
densities shown are an average from the two tests at each value of s. 
The analysis disregards the special position of the two outside 
ligaments in the hybrid arrays. This simplification becomes more 
significant as s increases; due to the constant geometry, as s 
increases the actual number of ligaments decreases. Surface effects 
are also ignored. If at a ligament separation of 5«0mm interference 
is possible then with a total specimen thickness of only 2.0mm surface 
effects may be significant. It is assumed that a reduced load is
carried over the debonded region at each fracture, and that this 
length is 1.5mm; as measured in the 1k single ligament series. In 
this way the ligament length of 50mm can be considered as 33 
sub-lengths each of 1.5mm. It is also assumed that load lost over 
this region is either taken up completely by the glass composite, or 
by the glass composite and the next nearest carbon ligaments if they 
are close enough.
At a uniform strain of 1*12% each 50mm ligament in the s=1.5 
hybrid will contain on average 7 fractures. This means that 
approximately 7 out of the total 33 sub-lengths will have failed. The 
same condition will exist in the two neighbouring ligaments. Each 
ligament will then be subject on average to a strain of (1.72$ x K) 
acting on 14 sub-lengths, and 1.72$ acting on the remaining 19 
sub-lengths. That is to say, each ligament is adjacent to 
approximately 14 fractures, 7 either side, (the possibility of 
overlapping fractures is not considered). The measured fracture 
density of 7 per 50mm must be composed of 1.33 fractures from (19 x 
1.5)mm at 1.72$, plus 5*67 fractures from (14 x 1.5)mm at (1.72$ x K), 
where K is the strain concentration factor. In a single ligament 
hybrid a strain of 2.00$ would be required to induce 5*67 fractures in 
21mm, by extrapolation of figure 2.27. The ratio of 2.00 to 1.72 
gives the value of K over a distance of one sub-length; i.e. 1.16. 
The same analysis may be applied to the 2-D hybrids of s=3*0 and 
s=6.0. The values of K are 1.11 and 1.07 for the 3 and 6mm spacings 
respectively. These results are summarised in table 2.13»
2.8 Estimates of Young's modulus
2.8.1 Carbon modulus
The measurements in hybrid composites required an accurate value 
for the Young's modulus of the carbon fibre. An approximate value can 
be estimated from the stress/strain curves given by the single fibre, 
dry bundles and impregnated bundles. Due to discrepancies between 
these three values the modulus was measured independently using two 
types of specimen.
The first estimate was obtained using a unidirectional plate.
This was produced by filament winding carbon tows over a steel frame 
of inside dimensions 200 x 300mm. Once cured, the carbon composite 
plate was removed from the frame and post-cured. From the plate three 
specimens of 1 x 10 x 180mm were cut using a water cooled diamond saw. 
Each specimen had aluminium end tags bonded to the ends. Over the 
central portion of each specimen an electrical resistance strain-gauge 
was fixed to measure strain in the fibre direction, figure 2.34* Each 
test piece was strained to 1$. The cross sectional area of carbon 
present in each test piece was determined by counting the number of 
1000 filament tows seen in the total polished cross section,(typically 
>100) and multiplying this by the area of the 1k dry bundle.
Estimates of the fibre modulus agreed to within 3$ in the specimens 
tested and gave a mean value of 215 GPa.
The second measure of modulus used long impregnated bundles of 
1000 filaments. Impregnated bundles 320mm in length were marked with 
a gauge-length of 300mm. The bundle was mounted in the Instron
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machine in the normal way. Using a travelling microscope, the 
position of both marks was measured relative to the immovable base of 
the machine. During loading many readings of the position of both 
ends were recorded and subsequently used to plot a stress/strain 
curve.. By measuring the displacement of both ends the small error due 
to compliance in the machine was easily subtracted, and the cross 
sectional area used was the same as that calculated for all 1k 
bundles. The mean value of Young’s modulus from this series was 220 
GPa. In both the plate and bundle modulus estimates, the stiffness of 
the matrix was ignored. The expected modulus of the resin is 3*5 GPa, 
and as it accounts for only 31$ of the composite cross-section 
contributes only \% to the stiffness of the specimen. This is much 
less than the uncertainty in the fibre cross sectional area. The 
standard value for the modulus of the fibre is taken to be 215 GPa.
2.8.2 Glass modulus
To determine the glass modulus, a glass fibre epoxy 
unidirectional plate was produced by filament winding, in the same 
manner as that described for the carbon composite. Several specimens 
of dimensions 2 x 12 x 200mm were used to estimate the Young's 
modulus. Typical examples are shown as the all glass specimen in 
figure 2.24. To calculate the fibre cross sectional area, sections of 
composite were pyrolised at 600° C for three hours to remove all 
traces of the resin. From weighings taken before and afterwards, the 
fibre volume fraction could be estimated using the relative densities 
of glass and epoxy, Hancox [l]. The mean value for the Young's 
modulus of the glass was 70 GPa.
90
2.9 Thermal stress
The degree of residual thermal stress present in the impregnated 
and hybrid bundles has been estimated. In figure 2.35 the model 
adopted to calculate the expected thermal stress is illustrated. The 
two components are, in the case of impregnated bundles, carbon fibre
and resin, and in the case of the hybrids, glass and carbon composite.
The thermal constants have been obtained from the literature, Hancox 
[l], and the temperature range and individual Young's moduli have been 
measured as previously described. The procedure is to equate forces 
in both components when cooled from T^ to T-j. The thermal 
strain present in component A under conditions of T2>T-| and
(°^)p>(^)^ will be compressive and of magnitude given by
equation (2.3)«
<?A " A  T (<*B -OC A )
1 + [ ( e a aa ) / ( e b ab ) ]
(2.3)
where 'A' represents component area. The compressive stress developed 
in the carbon in the impregnated bundles was greatest in the 9k 
bundle, where the volume fraction was the lowest. In this case, an 
approximate correction to the measured failure stress of -1 % is 
required. This small correction is insignificant in relation to the 
estimates of the material properties used to calculate it, and can be 
ignored.
The largest compressive stress in the hybrid bundles was 
developed in the 1k hybrid bundles and is of the order of 0.19GPa.
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The value of thermal stress, as a proportion of measured failure 
stress, will depend on the particular length at which the failure 
stress was measured. As a maximum estimate, it can account for 5$ of 
the strength of 200mm 1k hybrid bundles, and therefore, 18$ of the 
observed hybrid effect at this length. The thermal constants and the 
calculated thermal corrections which have been applied to the measured 
hybrid strength are listed in table 2.14.
2.10 Strain uniformity
The experimental techniques used to measure the strength of 
carbon as a hybrid with glass use similar aspect ratio specimens as 
that described above for the glass modulus estimate. Such an aspect 
ratio was chosen primarily for three reasons. Firstly, very long 
specimens allow the collection of strength data from a large volume of 
material. Secondly, the actual ratio of glass to carbon was chosen so 
that the stiffness of the specimen was determined almost completely by 
the glass. The third reason for the choice of a long slender test 
piece was to obtain a strain field that was completely uniform along 
the test length. To measure any deviation from strain uniformity in 
this type of specimen, whether due to the specimen itself or 
misalignment of the testing machine, an all glass/epoxy specimen was 
tested with three strain-gauges bonded to it. The arrangement of 
gauges is illustrated in figure 2.36, and the test piece was strained 
in the normal manner. The strain was monitored in each gauge while 
loading, and the specimen was loaded once, in each of the four 
possible orientations that the specimen could be held in the grips. 
This gave twelve stress/strain records from a single test piece. The 
difference between the largest strain and the smallest strain, at any
given load, was 0.05$* This corresponds to a maximum variation of 5%
in the strain applied. Most of this error was due to slight
differences in the exact position of the test piece in the grips.
2.11 Microscopy techniques
Photomicrographs of polished cross sections were taken to
illustrate the fracture characteristics of the hybrid composites. For
the impregnated bundles, cross sectional micrographs show the exact 
fibre dispersion in typical bundles. In all cases, the composite to 
be polished was first mounted in a small block of standard formulation 
resin, and completely cured. The initial stages of polishing used 
standard metallographic carborundum paper, progressing through the 
grit sizes of 200, 4-00, 600 and 1200. The specimen was lubricated 
with water and a little soap solution, and thoroughly washed between 
each grade. The final polishing used two napless cloths lubricated 
with distilled water. The first cloth carried 6 micron diamond paste, 
and the second 1 micron diamond paste. The total polishing time for 
each block was about 60 minutes. After polishing, each block could be 
viewed and photographed under reflected light in a standard 
metallurgical microscope.
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Table 2.1
Diameter
Area
Resin formulation and cure
Resin type: Shell Epikote 828 epoxy 
Cure agent: Shell Epicure NMA 
Accelerator: Shell K61 B
Formulation: Resin 100 parts vol.
NMA 60 parts vol.
K61 B 4 parts vol.
Cure schedule: Degassed at 70° C for 15 mins 
Cured at 100° C for 5 hrs. 
Post-cured at 150° for 5 hrs.
Table 2.2 
Single fibre diameters 
Range C.V. Mean Error
5.4-9.1 x10“6m 9*2$ 7.87 x10"6m 2%
22-66 x10"12m2 18$ 48.7x10"12m2 4$
All fibres circular in cross section.
Variation in diameter over 50mm of length: <2$ 
Sample size: 257 from 1000
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Table 2.3
Youngs moduli and test rates
Fibre Length Modulus Vf Test rate
   (mm) (GPa) carbon (mm/min)
Single 1 265 1 0.1
fibre 10 220 1 0.1
20 265 1 0.1
50 225 1 0.1
Dry bundle 5 225 1 1 .0
20 194 1 1 .0
100 188 1 1 .0
200 187 1 1 .0
Impreg. 1k 20 152 0.69 0.5
50 150 0.69 0.5
150 140 0.69 0.5
500 158 0.69 0.5
Impreg. 5k 5 104 0.48 0.5
20 96 0.48 0.5
50 102 0.48 0.5
150 104 0.48 0.5
Impreg. 9k 5 82 0.59 0.5
20 85 0.59 0.5
50 80 0.59 0.5
150 75 0.59 0.5
All glass 200 48 (0.68) 1 .0
All carbon 87 140 0.65
Carbon/glass
ratio
1 .0
Hybrid 1 k 20 48 0.005 0.05
50 48 0.005 0.05
100 48 0.005 0.05
200 48 0.005 0.05
Hybrid 5k 20 49 0.009 0.05
50 49 0.009 0.05
100 49 0.009 0.05
200 49 0.009 0.05
Hybrid 9k 20 55 0.028 0.05
50 55 0.028 0.05
100 55 0.028 0.05
200 55 0.028 0.05
Strain rate 
(%/min)
10.0  
1 . 0
0.5
0.2
20.0
5.0
1.0 
0.5
2.5 
1 . 0  
0.55 
0.17
10.0
2.5 
1 . 0  
0.55
10.0
2.5 
1 . 0  
0.55
0.5
1.25
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
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TABLE 2.4
Statistical parameters
Fibre L #obs Mean C.V. Characteristic
(mm) stress * w stress ¥ R
(GPa)' (GPa)*
Single 1 57 4.24 20.0 4.53 5-71 0.994
fibre 10 64 3.05 20.2 5.25 5-74 0.963
20 70 2.45 19.9 2.63 5.59 0.994
50 66 2.25 18.4 2.41 6.14 0.993
Dry Bundle 5 28 1.92 3.64 1 .95 29-3 0.997
20 25 1.68 6.19 1 .72 17.0 0.990
. 100 29 1.58 8.25 1 .62 13.1 0.990
200 27 1 .38 8.21 1.45 13.1 0.982
Impreg. 1k 20 28 2.82 5.49 2.90 19.6 0.982
50 30 2.81 6.03 2.88 18.0 0.985
150 32 2.68 7.18 2.77 14.6 0.984
300 29 2.50 9-29 2.61 15-8 0.973
Impreg. 3k 5 26 2.65 7.25 2.74 14.6 0.990
20 28 2.76 7.14 2.77 14.5 0.943
50 29 2.76 6.37 2.80 16.8 0.979
150 27 2.77 7.18 2.86 14.1 0.971
Impreg. 9k 5 9 2.74 6.25 2.84 14.4 0.975
20 13 2.81 5.21 2.89 17.9 0.968
50 15 2.74 4.52 2.81 19.7 0.972
1 50 15 2.65 7.70 2.77 12.6 0.972
Hybrid 1k 20 168 3.71 4 * 68 3-78 25.6 0.988
50 68 3.64 5.05 3.73 23.0 0.993
100 34 3.59 4.81 3.67 23.0 0.992
200 17 3.54 4-55 3.62 22.5 0.996
Hybrid 3k 20 59 3-51 4.64 3.56 24-0 0.942
50 24 . 3-46 4.03 3-50 25.7 0.949
100 12 3-39 2.94 3-43 32.0 0.955
200 6 3*34 2.45 3.40 33.3 0.979
Hybrid 9k 20 55 3-73 7.60 3-68 14.6 0.923
50 24 3-37 7.19 3-47 14.4 0.899
100 12 3.25 8.00 3-34 12.0 0.912
200 6 3.01 3-89 3-06 20.7 0.934
*
Not corrected for thermal stress
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Table 2.5
Predicted characteristic stress from weak-link scaling
in single fibre
L # Links Characteristic stress Difference
(mm) (GPa) {%)
measured predicted ~
stress predicted from 1mm
50 50 2.41 2.31 -4.2
20 20 2.63 2.70 +2.7
10. 10 3.25 3*05 -6.2
stress predicted from 50mm
20 0.4 2.63 2.82 +7.2
10 0.2 3.25 3.18 -2.3
1 0.02 4*53 4.73 +4-4
Table 2.6
Results from dry bundle simulation program
Predicted single fibre mean strength
L Characteristic
(mm) stress (GPa)
5 3.53
20 2.81
100 2.14
200 1.90
Mean
strength
3.16 
2.58 
1 .90 
1.66
Measured
strength
3.28 
2.60 
1.97 
1.76
45-
Predicted dry bundle mean strength
L
(mm)
5
20
100
200
Prom Coleman 
(GPa)
2.19 
1 .74 
1 . 32  
1.18
From iteration 
(GPa)
2.24 
1 .79 
1.36 
1.23
Measured
(GPa)
1 . 9 2  
1 . 68  
1 .58 
1 . 38
Extrapolated to these lengths from experimental lengths,
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Table 2.7
Predicted characteristic stress from weak-link scaling
in dry bundles
L # Links Characteristic stress
(mm) (GPa)
measured predicted
Difference
(%)
1k bundle stress predicted from 5mm
200
100
20
40
20
4
1.45 
1.62 
1 . 7 2
1 . 6 0  
1 .6 8  
1.85
+ 1 0 . 0
+5.7
+6.4
1k bundle stress predicted from 200mm
100
20
5
0.5
0.1
0.025
1 .62 
1.72 
1.95
1.51 
1 .65 
1.78
- 6.8
-4.1
-8.7
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Table 2.8
Predicted characteristic stress from weak-link scaling
in impregnated bundles
L # Links Characteristic stress Difference
(mm) (GPa) {%)
measured predicted
1k bundle stress predicted from 20mm
300 15 2.61 2.45 -6.1
150 7.5 2.77 2.56 -7.6
50 2.5 2.88 2.74 -4.9
1k bundle stress predicted from 300mm
150 0.5 2.77 2.73 -1.4
50 0.167 2.88 2.92 +1.4
20 0.067 2.90 3-09 +6.6
3k bundle stress predicted from 5mm
150 30 2.86 2.40 -16
50 10 2.80 2.35 -16
20 4 2.77 2.50 -9-7
3k bundle stress predicted from 150mm
50 0.335 2.80 3.07 +9*6
20 0.133 2.77 3.27 + 18
5 0.033 2.74 3*58 +31
9k bundle stress predicted from 5mm
150 30 2.77 2.30 -17
50 10 2.81 2.46 -12
20 4 2.89 2.61 -9-7
9k bundle stress predicted from 150mm
50 0.333 2.81 2.96 +5.3
20 0.133 2.89 3.14 +8.7
5 0.033 2.84 3.42 +20
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Table 2.9
Weak-link behaviour as a function of impregnated
bundle size
Bundle size L Mean stress Stress scaled Difference
(mm) (GPa) from 1k (GPa) {%)
1_k 20 2.82
50 2.81 N/A N/A
150 2.68
3k . 20 2.76 2.63 +4-9
50 2.76 2.62 +5-3
150 2.77 2.50 +11
9k 20 2.81 2.46 +14
50 2.74 2.45 +12
150 2.65 2.34 +13
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Table 2.10
Predicted characteristic stress from weak-link scaling
in hybrid bundles
L # Links Characteristic stress Difference
(mm) (GPa) {%)
measured predicted ~
1k bundle stress predicted from 20mm
200 10 5.62 5.45 -2.6
100 5 5*67 5-55 -5-8
50 . 2.5 5-75 5-64 -2.4
1k bundle stress predicted from 200mm
100 0.5 5-67 5.80 +5*5
50 0.25 5-75 5*84 +2.9
20 0.1 5.78 5-99 +5*6
5k bundle stressi predicted from 20mm
200 10 5-40 5-29 -5.2
100 5 5.45 5-57 -1.7
50 2.5 5*50 5-57 +2.0
5k bundle stress predicted from 200mm
100 0.5 5-45 5-48 +1.5
50 0.25 5.50 5-57 +2.0
20 0.1 5.56 5*68 +5-4
9k bundle stress predicted from 20mm
200 10 5.06 5-17 +5.6
100 5 5-54 5.51 -1.0
50 2.5 5*47 5-47 0
9k bundle stress predicted from 200mm
100 0.5 5-54 5.20 -4.2
50 0.25 5.47 5-55 -5.5
20 0.1 5.68 5-55 -5-5
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Table 2.11 
Debond and pull-out lengths
Impregnated bundles
Diameter
(mm)
Vf Ld
(mm)
Pull-out length 
(microns)
1k 0.3 0.69 0-25
3k 0.63 0.48 - 0-25
9k 1.2 0.39 - 0-25
Hybrid bundles
Diameter Vf Ld Total fracture path
(mm) (mm) (mm)
1k 0.3 0.69 1.5 0.3
3k 0.63 0.48 3.6 0.3
9k 1 .2 0.39 8.9 >0.5
Table 2.12
Double ligament hybrid fracture data
S
'mm)
# fractures 
per 50mm
Total # 
of fractures
# adjacent 
fractures
Rati<
0.3 4.0 16 7 0.88
0.4 3*5 14 5 0.71
0.8 3-0 12 3 0.5
1.1 3.25 13 4 0.62
1.3 2.75 11 3 0.56
2.0 2.5 10 2 0.4
2.2 2.25 9 2 0.44
3-0 2.25 9 1 0.22
4.1 2.0 8 1 0.25
5.2 2.0 8 1 0.25
All data at constant strain of 1.72%
Table 2.13
2-D hybrid array results
S
(mm)
single
ligament
1.5
3.0
6.0 .
Total number of 
1k ligaments
68
22
12
8
Total number 
of fractures
156
154
48
24
Number 
per 50mm
2.0 1 .0 0
1.16 
1 . 1 1  
1 .07
Table 2.14
Thermal stress data
Carbon fibre 
Glass fibre 
Resin
Coefficient ofr
expansion x10
- 0. 8*
5.0*
60*
Youngs modulus 
(GPa)
215
70
3-5
Impregnated 1k 
3k 
9k
Thermal strain 
in fibre 
{%)
6.66x10“5 
1.66x10-5 
2.29x10"4
Thermal stress 
in fibre 
(GPa)
0.014
0.036
0.049
Hybrid 1k 
3k 
9k
8.62x10“4 
8.47x10”4 
8.02x10"4
0.19
0.18
0.17
taken from reference [l]
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Figure 2.1 'Window cards' used to support single fibres for tensile 
testing.
SCREEN
FIBRE ON CARD
A = 6 3 2 .8  nnt2mW LASER
Figure 2.2 Laser arrangement used to measure the diameter of single
carbon fibres. The laser, fibre and screen are mounted 
on an optical bench.
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Figure 2.3 The output from a photo-diode showing the relative
intensities of the diffraction pattern obtained from 
a single fibre.
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FIBRE DIAMETER IN MICRONS
Figure 2.4 Histogram of fibre diameters, the sample size is
approximately one quarter of the total population.
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a)
b)
Figure 2.5 Typical SEM micrographs of single fibre fracture 
surfaces. Figure a) is a from a low strain fibre 
and b) from a high strain fibre.
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Figure.2.6 Compliance corrected fibre strain and fibre stress 
points for all measurements at each of the four 
gauge-lengths.
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Figure 2.7 Fibre diameter plotted as a function of fibre failure 
stress.
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Figure 2.8 Examples of dry fibre bundles shown at a gauge-length 
of 20mm before and after testing.
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Figure 2.9 A typical stress/strain curve obtained from a test on 
a 200mm dry fibre bundle. Note the load required to 
separate the bundle ends even after failure.
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CHARACTERISTIC STRESS
MEAN STRESS
0.8 .
0.6 .
0.2
Ln LENGTH (mm)
Figure 2.10 Natural log fibre length against natural log fibre 
failure stress. The mean strength line has been 
obtained by best-fitting a line to the experimental 
single fibre data, see Fig. 3*1* The characteristic 
stress line has been obtained by fitting a line 
to the experimentally determined characteristic 
strength values.
X10-1 INTEGRATED DISTRIBUTION OF RANDOM NUMBERS USING F<IRND(13)
.90.40 .60 .70.30.20
RANDOM NUMBER
Figure 2-11 Computer generated random number plotted as a function 
of its integrated frequency.
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Figure 2.12 Computer simulation of expected dry bundle strength
under ELS failure. The bars on the stress axis are the 
values extrapolated to the shown lengths from figure 3*1
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Figure 2.13 Arrangement used to impregnate fibre bundles, and to 
prepare the partially cured bundles used to produce 
the single ligament, double ligament, and 2-D hybrids
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LOADING PIN
—   ^
LOAD AXIS
Figure 2.14 Dimensions and arrangement of the end tab used to test 
impregnated fibre bundles. The load is applied via the 
loading pin and a hook-and-eye.
L
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Figure 2.15 Examples of impregnated bundles of 1k, 3k, and 9k fibres.
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Figure 2.16 Micrographs of polished cross-sections of impregnated 
bundles. The photographs illustrate a 3k bundle composed of 
3 x 1k tows, and a 9k bundle of 9 x 1k tows. Note especially 
the poor tow compaction.
Ill
1k
3k
Figure 2.17 Scanning electron micrographs of impregnated bundle 
fracture surfaces. Failure is localised within a 
single cross-section, with relatively little pull-out.
1 1 2
STEEL FRAME
CARBON TOWS
TENSIONED INTO FRAME
BLASS TOW
SCREW ROTATION WINDING AXIS
Figure 2.18 Winding frame and mould used to produce plates of
hybrid material. Each carbon tow is tensioned into the 
frame a) prior to the over winding of dry glass b).
The dry fibre is than impregnated under vacuum and 
placed in the mould c) to cure in the oven.
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specimen cross-section Figure 2.19 Examples of 1k, 3k and 9k hybrid 
testpieces prior to testing.
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Figure 2.20 A short series of fracture photographs taken with
increasing strain. The test illustrated is that of a 
9k single ligament hybrid with a total gauge-length 
of 200mm. This large bundle clearly illustrates the 
debond zone to either side of every tow fracture. The 
technique used to determine failure stress per gauge- 
length from this test is shown in Fig.2.21.
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FRACTURES COUNTED 
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-— | INCREASING 
STRAIN
Figure 2.21 Notional gauge-length method for the determination
of hybrid strength from strain and fracture position 
recordings made during testing.
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bundle
  t t _ _ i
debond
fractu re
Figure 2.22 Optical close-up of debond zone associated with hybrid
bundle fracture. The debond is not as clear to the camera 
as to the naked eye due to the poor depth of field.
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1k
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9k
Figure 2.23 Examples of polished transverse and longitudinal sections 
of hybrid bundle fracture sites.
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Figure 2.24 Examples of all glass, 1k, 3k and 9k hybrids specimens
with the three positions of acoustic emission transducer 
marked with black lines.
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Figure 2.25
Typical acoustic emission traces 
from each of the four specimens 
illustrated.
9k HYBRID
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Figure 2.26a Series of double bundle specimens showing the range of 
bundle spacings produced.
i i
0.1 mm
Figure 2.26b Cross-sections of the smallest spacings showing 
the distribution of glass between the bundles.
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Figure 2.27 Data from the single ligament hybrid series plotted in 
terms of number of fractures per gauge-length, with the
gauge-lengths of 200, 100, 50 and 20mm illustrated.
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Figure 2.28 Expanded version of Fig.2.27 over the strain range 
1 .68 to 1 .72$. Only the 1.00 and 50mm lines from the 
‘single ligament hybrids have been drawn, and the data 
for 50mm lengths of double bundle are included for the 
four spacings illustrated.
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Figure 2.29 Examples of double bundle failure when interference is 
’total' and when interference is 'remote'.
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tested bundle spacings. Note that the curve approaches 
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Figure 2.31 The ratio of adjacent fractures for all the bundle 
spacings tested. .
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Figure 2.32 Examples of 2-D array hybrid testpieces prior to testing.
The bundle spacings illustrated are 1.5, 3*0 and 6.0mm.
The polished cross-section is taken from a section of 
a 1.5mm specimen.
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I H
Figure 2.33 Fracture state photographs showing the 6.0 and 1.5mm 
2-D specimens at 1.72$ strain. The dot figures mark 
the position of each bundle fracture.
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Figure 2.34 The all carbon composite specimen type used for the 
determination of Young's modulus.
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Figure 2-35 The model used for the calculation of induced thermal
strain. The expected thermal strain is calculated using
the equation and then converted to a stress using the 
standard modulus.
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•36 The twelve strain-gauge readings obtained from a single 
specimen due to the three gauge positions and the four 
possible orientations in the grips.
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Figure 2.37a Single fibre strength distributions, plotted 
on linear axes a), and on Weibull axes b).
The series of graphs on the following pages 
illustrate the strength distributions obtained 
for all the tested fibre arrangements.
In each case three graphs are shown;
a) The distribution plotted on linear axes.
b) The distribution plotted to a common scale
_to allow comparison between fibre groups.
c) The distribution plotted on Weibull axes.
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3 DISCUSSION
3»1 Introduction
The results from the experimental section are discussed under 
three general headings. The first section is concerned with aspects 
of behaviour prior to failure, and discusses the Young's modulus 
estimates determined for the various fibre arrangements.
The second section deals with the phenomenological aspects of 
fracture. The characteristics of failure are discussed, with 
particular reference to the role of 'ineffective' and 'debond' 
lengths.
The final part of the discussion deals with the anticipated 
strength of various fibre arrangements, as predicted from the single 
fibre strength distribution. The prediction is made from available 
probabilistic models and, in the case of dry bundles, by computer 
simulation. Variability in strength and the applicability of 
weak-link scaling are also considered. Similar arguments are applied 
to the discussion of hybrid composites, containing both single and 
multiple ligaments of carbon. The role of ligament dispersion is 
discussed in relation to a load sharing model applicable to hybrid 
composites.
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3.2 Stress/strain behaviour
The single fibre tests were designed to measure the strength 
only. However, it was also possible to estimate the Young's modulus. 
The average value measured in this way was 243 GPa, which is higher 
than the standard value derived from tests on composite testpieces 
described in section 2.9* The stress and strain at failure for the 
fibre tests are shown in figure 2.6. There is more scatter for the 
1mm gauge-length than for the longer lengths. This is considered to 
be due to the intrinsic error in testing being greatest at the short 
gauge-lengths. The modulus of single fibres might be expected to be 
greater than that of the composite due to absence of misalignment 
effects, but it is doubtful that this alone would account for the 
difference between the standard value of 215 and 243 GPa.
In a perfect dry bundle test, the elastic modulus based on the 
initial cross section should also correspond to the single fibre value 
and be expected to fall only when a significant number of fibres have 
failed. From the simulated bundle behaviour, 150 of the 1000 
filaments are required to fail to initiate final failure and this 
would have the effect of reducing the observed modulus by 15$ just 
prior to failure. Such a drop was observed, at least qualitatively. 
There is a relatively large non-linear portion at the beginning of 
each stress/strain curve, which is a consequence of unequal initial 
tension in all the fibres. In fact, some fibres may fail before 
others are loaded at all. Such an effect would result in both a lower 
modulus and a lower ultimate load. The modulus determined from dry 
bundle tests ranged from 187 GPa to 225 GPa, corresponding to 200 and 
5mm bundles respectively. These values are generally equal to, or
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lower than, the standard value of 215 GPa. Any twist present in the 
bundle would also reduce the measured modulus. In the longer dry 
bundles, failure did not result in immediate separation, but some load 
was required to overcome the frictional coupling between the fibres. 
This is clear in the stress/strain curve of figure 2.9* The 
post-failure separation force was greatest in the longest bundles.
This effect is not allowed for in the model which assumes no 
frictional coupling or local load transfer between fibres. It is, 
therefore, not realistic to expect dry bundle tests to yield an 
accurate value of ¥ by either of the methods outlined in section 
1.2.3.
The stress/strain behaviour of the impregnated bundles was 
classically elastic/brittle to failure. Linear traces were recorded 
at all bundle lengths and sizes, and the modulus of the fibres is 
close to 215 GPa. The small variations in modulus with length may be 
attributed to errors in strain measurements taken from the chart 
recorder. The determination of an accurate value for the modulus of 
the carbon is critical, as it is used to calculate failure stress from 
measured failure strain in the hybrids. It is, therefore, satisfying 
that the modulus measured in 1k, 3k and 9k bundles and that measured 
in a 'large' plate, all agree to within 5$ of the standard value of 
215 GPa. This consistency of modulus is maintained over the range of 
length from 5 to 150 mm and strain rates 0.17 to 10.0 $/min.
In all the single ligament hybrids tested, the stress/strain 
curves were linear to the end of the test. This linearity was 
maintained even over the strain range at which the carbon ligament was 
failing. This is because the carbon forms only a small fraction of
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the total cross-section. The maximum possible loss of stiffness for 
the 9k bundle would be only 10$, if the carbon were completely 
unloaded. In practice, 20$ of the total length at most is unloaded 
and so the loss of stiffness is negligible.
3»3 Characteristics of failure
3.3*1 Fracture mode
The study of crack propagation within single fibres is outside 
the scope of this work. They are considered to fail instantly and 
catastrophically from a critical local flaw.
There are considerable differences in the fracture mode of the 
three types of bundle. The dry bundles show no localised fracture 
zone, and it would appear that failure occurs throughout the volume of 
the bundle. Failure under ELS would be expected to give this type of 
dispersed fracture, where the proportion of single fibre breaks 
required to initiate total bundle failure (for large bundles) will 
depend only on the fibre variability. Impregnated bundles show a 
localised failure zone, where fibre breaks occur in a consecutive 
manner on one cross-section only, leaving the rest of the bundle 
intact. The presence of the resin localises load redistribution and 
is effective in isolating the growing crack from the rest of the 
bundle. Although random fibre failure must occur throughout the 
impregnated bundle, not every fibre failure contributes to the final 
failure process, but critical groups form due to a statistical 
grouping of weaker fibre segments. Very large composites have not 
been observed to fail in this manner, but usually split and fragment;
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Fuwa, Bunsell and Harris [60]. These macroscopic effects may be due 
to independent failure initiation in sub-elements of the whole 
structure, (e.g. individual tows or laminae). Localised shear 
associated with these sub-failures cause splitting, and final failure 
is effected by linking the local regions. There are also effects due 
to the dynamic forces in the material during the process, and to 
non-axial strains which might be present in a large section but not a 
slender bundle. In the impregnated bundles, the total fracture was 
contained within a length of one bundle diameter, except in the cases 
where splitting was observed.
Fracture of the carbon ligament in the hybrid specimens does not 
appear to differ from that described above for the same size of 
impregnated bundle. In both cases, typical failure cross-sections 
appear identical. However, fracture of the carbon in the hybrid 
bundles is not a catastrophic event for the whole specimen. The 
carbon ligament fails and the failure is contained within the specimen 
which is able to support a further increase in load. Only a small 
portion of the carbon becomes unloaded around each bundle fracture, 
the remaining sections of carbon still usefully carry load. It can be 
seen that, even without any benefits from a 'hybrid effect', the 
hybridised carbon is still utilised more efficiently than impregnated 
fibre in the types of specimen considered here.
In the 3k and 9k multiple tow bundles, both impregnated and 
hybrid, the fracture mode is broadly similar to that already discussed 
above. However, due to the imperfect consolidation of the tows in 
these larger bundles, an additional variable is introduced which might 
affect the fracture mode. Instead of behaving as an ideal single
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bundle (of circular cross-section), they may behave, at least 
partially, as a parallel array of smaller bundles. For example, the 
3k bundle appearing to be 3x1k bundles. In such bundles there would 
be a greater proportion of surface fibres than would be calculated 
from the same number of fibres in an exactly circular formation, and 
longitudinal lines of weakness would exist in the resin rich zones 
between the tows.
3»3*2 Ineffective length
To a first approximation, the maximum observed fibre pull-out 
length should be half the ineffective fibre length, and hence, half 
the unit used as the 'slice' thickness in the statistical models.
This was found to be approximately 50 microns, from the SEM 
fractography. In impregnated bundles, especially large bundles, the 
total length of the failure zone was normally much greater than the 
fibre ineffective length. This appears to be in contradiction to the 
chain-of-bundles model, where failure of the bundle is contained 
within a single ineffective length. However, adjacent fibre breaks 
are observed to be quite close, but the overall fracture path does not 
necessarily progress exactly normal to the bundle axis, but step-wise 
across the section. This maintains the principle of the model.
By simply equating tensile and shear forces over the maximum 
observed pull-out length, an approximate value for the interfacial 
shear strength has been calculated. The calculated value, 200 MPa, is 
somewhat larger than that normally observed, possibly due to an 
underestimate of the fibre pull-out length. The value of 200 MPa does 
give quite good agreement between the measured and calculated debond
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lengths.
The expected increase in bundle debond length associated with 
higher strain fractures was not consistently evident, and the overall 
variation in debond length was of the order of 50% around the mean 
value for each bundle size. This large variation cannot be attributed 
to a non-uniform static strain field over the length of the specimen, 
but transient dynamic strains would exaggerate any variation. A more 
likely explanation would be local inhomogeneaties, such as, the 
immediate proximity of the glass and the extent and shape of the tow 
fracture path. Some hybrid specimens showed, on average, a marginally 
longer debond zone than others, even at constant bundle size, an 
effect which must be due to variations in the fibre packing geometry 
and specimen-to-specimen volume fraction.
3*4 Strength
5«4*1 Strength variability
It has been shown that samples of single carbon fibres of equal 
lengths have a range of strengths. This variation is normally 
attributed to the random nature of strength limiting flaws present in 
each fibre. No attempt is made here to analyse fibre crack initiation 
or propagation in each fibre. As an initial premise, it is assumed 
that strength limiting flaws do exist, and that the behaviour of any 
given flaw is independent of any other defect in the same fibre. 
Further, it is assumed that the defect population has influence on 
fibre strength only and does not affect the fibre modulus.
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The estimates of the Weibull shape parameter for the single 
fibres all agree to within 6% of the mean value of 5*80, and the 
lowest correlation coefficient was 0.963* From the observed linearity 
of the plots in figure 2.37b, it is assumed that the Weibull 
distribution adequately describes fibre strength over the length range 
1 to 50 mm. Long lengths of fibre yield a narrow range of observed 
strengths centred on a low absolute value. This is a reflection of 
the fact that such fibres essentially only sample the lower tail of 
the defect population and will most often contain severe flaws. The 
shorter gauge-lengths tested give a much better overall impression of 
the total defect population. A much wider range of strengths are 
observed, centred on higher absolute values. In figure 2.37b, there 
is an indication of a possible bi-modal distribution in fibre 
strength. Although the regressed lines fit the data quite well, each 
data set could be fitted to two intersecting straight lines, with the 
point of intersection moving to higher values of Pf with an decrease 
in gauge-length. The result would be similar to that observed by 
Metcalfe and Schmitz [61] for glass fibres. The implication is that 
one set of severe flaws determine the strength distribution at long 
lengths, and at short lengths a second set of less severe flaws is 
sampled. As the gauge-length decreases, the relative proportion of 
flaws from either set shifts towards a decreased probability of 
encountering a long range severe flaw, and the point of intersection 
on the Weibull plot shifts upward. The average long range flaw 
spacing will be given approximately by the length at which the 
gradient change corresponds to Pf=0.5» i.e. 1mm. At extremely short 
lengths the strength distribution would be determined exclusively by 
the short range defects and show no change in gradient. At very long 
lengths the distribution will determined by the more severe, widely
spaced defects, and again show no change in slope of the Weibull line. 
For simplicity, the experimental results have been assumed to conform 
to a common, single, distribution.
The relationship of strength to length for single fibres is most 
easily seen in the plot of natural log fibre length against natural 
log mean failure stress, figure 3»1a» Ideal Weibull data would be 
linear on these axes with a gradient of (-1/W). The steepness of the 
line indicates the strength sensitivity with length. The value of the 
Weibull exponent determined from this plot is 6.02, which agrees well 
with 5*80 considering the scatter of the four data points around the 
regressed line. This graph shows the extreme sensitivity of strength 
to length; for example: by increasing the length by a factor of
four, the strength falls by approximately 20$. If the same behaviour 
were shown in composites they would be much less attractive.
The value of the statistical approach to composite strength can 
be realised by studying the behaviour of the simplest arrangement of 
single fibres, that is, the parallel dry bundle. If single fibres all 
had constant strength, then a dry bundle would also have the same 
strength and all fibres in the bundle would fail at the same instant 
as the strain was increased. This is contrary to the the observed 
behaviour. A variation in bundle strength may be expected as a 
consequence of the variation in strength of its constituent filaments. 
Again, the Weibull distribution has been used to describe this 
variation. The mean coefficient of variation observed in the dry 
bundles was only 6$. This corresponds to a Weibull exponent of 18. 
With such a low strength variability, it is apparent that the 
experimental bundles are not failing according to Coleman's model, but
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that some form of local load redistribution is taking place. The dry 
bundle data approximates to a Weibull distribution, but not as closely 
as that of the single fibres, and there is an increase in Weibull 
exponent with gauge-length. This trend indicates that the bundle 
strength becomes less variable at longer lengths, which is undoubtedly 
due to friction between fibres leading to local load redistribution 
around fibre breaks.
The Weibull exponent deduced from the four data sets for each of 
the impregnated bundles is approximately 16. This corresponds to a 
coefficient of variation of only 7$, and is three times that of the 
single fibre.
Using a length of 20mm for a direct comparison, the 1k 
impregnated bundle is 15$ stronger and three times less variable in 
strength, than the single fibre. This indicates that the impregnated 
bundle does not fail as a result of first fibre failure, otherwise the 
bundle would have a lower mean strength. Therfore, bundle failure 
requires a group of interacting fibre breaks to initiate total 
failure.
Single ligament hybrid bundles showed even less variabiity in the 
strength of the carbon and gave a mean Weibull exponent of 24 at a 
bundle size of 1k. As observed for the impregnated bundles, the 
strength variability becomes marginally less with a decrease in 
length, and the actual Weibull exponent changes, from 25 at long 
lengths to 26 at short lengths. This effect is not as great as that 
in the impregnated bundles and allows for quite reasonable agreement 
with weak-link behaviour. This change in variability, although small,
144
is in contradiction with the probabilistic models of both Harlow and 
Phoenix [31>32], and Batdorf [37], whose models suggest a gradual 
decrease in variability with length.
The observed variability of the 9k hybrid was not expected, and 
figure 3*1a shows the strength line corresponding to ¥=11 for the 
hybrid. The short bundle lengths appear to be excessively strong, 
indicating that a very high strain was required to achieve a 
sufficient number of fractures to obtain a strength at 20mm. If 
sufficient proportions of ligament length become unbonded at the 
fracture sites, then these partially unloaded lengths may form part of 
a gauge-length assumed to be at the applied stress. In an extreme 
case, the debonded length may be considered completely unloaded. In 
this case, the measured failure strain should really be associated 
with a length shorter than the notional gauge-length. Such an effect 
would cause an apparent strengthening of any length less than 200mm. 
The degree of strengthening is so large, however, that it would 
require almost total debonding after only the first two fractures
within the 200mm gauge-length. This requirement can be seen in figure
3»1a, where the 9k hybrid strength at 100mm would correspond to a 
length less than 1mm, if the data was extrapolated corresponding to 
¥=24 from the 200mm data point.
; 3*4*2 ¥eak-link behaviour
In an ideal ¥eibull solid it is possible to predict the strength
at any length (or volume) from a set of data gathered at a different 
length. This is shown as the horizontal shift in the strength lines 
of the ¥eibull plot, figure 3*1a. This principle has been applied to
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the data, and the measured shift is in accordance with that expected 
from weakest-link scaling.1 The largest discrepancy between measured 
and predicted values of characteristic stress is 1%, and the premise 
that flaws act independently is supported. Care must be taken not to 
extrapolate too far, and it must be remembered that the mathematical 
fit has been justified over the probability range 0.02 to 0.98 only, 
and weak-link behaviour over the range 1 to 50 mm. Later analyses may 
require information at probabilities much lower than 0.02 for lengths 
shorter than 1mm. Experimentally, such data is difficult to obtain; 
for example, to extend the experimental probability down to 0.002, 
five hundred tests would be required and the difficulties associated 
with strength measurements of fibres of less than 1mm in length are 
obvious.
The four dry bundle lines plotted on Weibull axes illustrate a 
lack of agreement with weak-link scaling. This is evident by the 
lines not being parallel, and hence, a constant shift in probability 
of failure with a change in length is not possible. This again 
indicates that failure of the long and short bundles may take place by 
different processes. As a result, the experimental dry bundle 
strength is not as sensitive to length as that in single fibre, 
although the strength variability becomes closer with a decrease in 
bundle length. This is further evidence for inter-fibre effects which 
would be expected to become more significant at long lengths. The 
values of characteristic stress, predicted from weak-link scaling; 
agree only to within 10$ of the measured values, but it must be noted 
that the Weibull lines are not parallel, and hence, only moderate 
agreement with weak-link behaviour may be claimed.
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In impregnated bundles, there is a general decrease in Weibull 
exponent with bundle length. This again indicates the lack of 
agreement with weakest-link scaling in terms of length. The disparity 
is approximately -10$ when predicting long chain behaviour from short, 
but is considerably worse in the larger bundles. When considering 
bundles of large numbers of filaments, it might be expected that 
weak-link behaviour would also determine strength sensitivity with an 
increase in the bundle size. Such an argument may be used to predict 
the strength relationship between the three sizes of impregnated 
bundlej see table 2.9* Strength should decrease with size and at a 
rate proportional to;
n . (3.1)
At a given length, this corresponds to a strength reduction by a 
factor of 0.934 between the 1k and 3k bundles, and by the same amount 
between the 3k and 9k. Figure 3*1a is the same as 3•1b , except that 
the data has been weak-link scaled to 1k and also corrected for 
thermal stress. This size correction should bring the 9k and 3k data 
sets onto the 1k line. By comparing the two figures it can be seen 
that the correction overcompensates and shows the large bundles to be 
stronger than would be predicted.
Weak-link scaling, when applied to bundle size in hybrids, 
provides much closer agreement to the shift in strength observed. The 
1k and 3k lines superimpose almost exactly, but the 9k data only fits 
at the longer lengths, with the 20mm strength being greater than 
expected.
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3*4.3 Theoretical strength
It is desirable to be able to predict the strength of a complex 
arrangement of fibres from easily determined single fibre properties. 
Much work has been expended in this direction, producing the 
succession of failure theories, as outlined in the Introduction. In 
general, improvements in the failure theories have been made by
I
qualifying many of the earlier assumptions, the qualifications being 
introduced as a result of experimental observation. No theory 
currently available attempts a solution to the problem of composite 
strength in an exact form.
As described in the Introduction, Coleman [18] developed an exact 
analysis to anticipate the strength of a large dry bundle directly 
from the single fibre distribution. Coleman’s expected bundle 
strength line for Wf=5»8 is drawn with the single fibre line in figure 
3.1a. The measured dry bundle strengths are approximately as 
predicted by Coleman, but lie on a straight line of different slope. 
Bundles longer than 20mm appear to be stronger than ELS theory would 
predict, and vice-versa. There are two reasons for this discrepancy: 
firstly, it is not possible, experimentally, to load all the fibres in 
the bundle equally. This effect is greater at shorter lengths.
Phoenix [62] has shown that the introduction of a parameter that 
corresponds to random 'slack' into the Weibull distribution of fibre 
strengths, causes a reduction in bundle strength. There is also a 
local load redistribution between fibres, which is expected to be more 
significant at longer lengths.
The dry bundle strength, deduced from computer simulation, agrees
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exactly with that from Coleman's mathematical analysis. This does not 
prove the correctness of the failure model, but rather shows that 
Coleman gave a sound mathematical description of the ELS process. The 
simulation is of interest for it shows the asymptotic strength 
variation as bundle size increases. The simulation predicts that in 
bundles of greater than 50 fibres, only a very slight decrease in 
strength is expected as bundle size is further increased. Also, that 
the proportion of failed fibre prior to catastrophic failure is 
constant and approaches 15$; ( at ¥f=5*8 ).
The classic rule-of-mixtures is commonly envoked to predict the 
load bearing capacity of a composite from the fibre strength and fibre 
volume fraction. Under the definition of strength used here, the 
rule-of-mixtures would predict equal strength for single fibres, dry 
bundles and impregnated bundles of all lengths and sizes. Such a 
prediction is made without any regard for the actual failure process, 
and assumes fibre strength to be a deterministic quantity. The 
inadequacies of such a theory are evident and hardly require 
discussion.
Using the measured single fibre properties, the expected cdf for 
the strength of impregnated bundles has been determined using the 
model given by Batdorf [37]. The failure lines are shown in figure 
3.2, with lines drawn corresponding to group sizes of i=1,2,3 and 4* 
The measured 1k 50mm strength corresponds almost exactly with the 
intersection of the i=3 line and the strength axis. The model appears 
satisfactory and suggests i=3* Figure 3*3 fits the model of Smith 
[40] to the same 1k 50mm impregnated bundle data. The lines 
corresponding to the cdf of a single 1k slice have been calculated by
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use of equation (1.30). Lines are again drawn for i=1,2,3 and 4* The 
measured impregnated bundle strength has been weak-link scaled to a 
length of one delta and drawn as a dashed line in the figure. The 
measured cdf is of approximately the predicted gradient and, again, 
corresponds to a critical group size of i=3« Equation (1.28) predicts 
the Weibull exponent of the composite to be i-times that of the fibre; 
i.e. 3 x 5*8 = 17*4. The measured exponent varied from 15 to 19 with 
a mean value of 16. The model of Smith also appears satisfactory.
The failure model of Harlow and Phoenix is probably the most 
advanced at this time. Figure 3*4 is a plot of the experimental 
strengths for the impregnated and hybrid bundles, with the predicted 
strength lines of Harlow and Phoenix taken from figure 1.6. Harlow 
and Phoenix present their results in terms of a dimensionless 
strength; from equation 1.26, this strength can be equated to an 
experimental stress by use of the measured characteristic stress. By 
taking an ineffective fibre length of 50 microns, the characteristic 
stress corresponding to a length of one 'delta' is obtained by 
extrapolation of the fibre line similar to that shown in figure 2.10. 
The volume axis of figure 3*4 is linear in Ln (mn), which is the total 
number of lengths 'delta' in the bundle. Two predicted curves have 
been drawn in the figure; the lower curve corresponding to to the 
expected composite strength when W=5> and the upper line when W=7•
The gradient at any point on the curves is related to the Weibull 
exponent of the composite by equation 1.11. The volume axis 
automatically brings all bundle lengths and sizes onto one line. In 
the figure, it can be seen that the impregnated bundle data lie below 
the line W=7 and close to W=6, so that agreement with the theory may 
be considered satisfactory. The hybrid data , which have been
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corrected for thermal stress, lie on a higher curve. For these 
points, not only is the absolute strength greater than the impregnated 
data, but the variability is also decreased. It is as if the hybrid 
is composed of fibre with W>7, or that the effect of hybridisation has 
been to reduce fibre variability, and so increase the apparent 
strength of the bundle. It is most unlikely that the physical 
properties of the fibre are altered in any significant manner, and a 
more reasonable explanation would describe a process which allowed the 
fibre to 'appear' less variable. This can be demonstrated by 
reference to equation 1.28. In order to cause an increase in the 
composite exponent corresponding to the difference between impregnated 
and hybrid bundles, either the fibre exponent must change from 5*8 -to 
7*7 at constant i, or i must change from 3 to 4 at constant W. Both 
cases would reflect the experimental difference between the Weibull 
exponents of the impregnated and hybrid bundles. This indicates that 
the hybrid would require the formation of a larger i-group for the 
group to become critical. If other factors remained equal, this would 
require a higher stress. The above argument does not shed light on 
why a larger i-group may be required, and so remains essentially a 
conjecture.
In the above analyses, the probabilistic models are capable of 
describing impregnated composite strength quite well, both in terms of 
absolute strength and strength variability. The models can also 
describe the increased hybrid strength, utilising the same failure 
process but requiring a larger critical group.
An explanation for the difference in critical group size may be 
found by considering the special position of the surface fibres.
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Consider a homogeneous bundle of circular cross-section. Fibres at 
the centre have a different arrangement of neighbours than those close 
to the periphery. It is suggested that a different failure criterion 
might apply to these peripheral regions to that of the core. In the 
failure models discussed above, the value of i is an average for the 
whole bundle. It is now proposed that different values should be 
assigned to surface and core regions. This can be considered 
analogous to the case of homogeneous brittle solids, where it is 
generally accepted that a surface crack need only be half the depth of 
an internal crack to have the same strength reducing effect. In the 
impregnated bundle a surface group of i=2 would have a similar effect 
as an internal group of i=4- The hybrid bundle may be considered to 
have no surface region, or at least a reduced surface effect. This 
will always allow the hybrid to be stronger than the impregnated 
bundle, and by an amount which is dependent on W, the bundle size and 
shape.
If the impregnated bundles do indeed fail due to a surface crack 
of i=2, then the measured 1k bundle strength ought to be the same as 
the stress required to form a group of i=2 in a bundle of size equal 
to the number of surface fibres. Using the measured bundle strength 
and equation (1.30) the number of fibres having the same strength at 
i=2 can be calculated. Using the median probability and the mean 
stress, the calculation gives a value of 280 fibres for the bundle 
size of a composite failing under i-2. With a square array of fibres 
in a circular pattern, a surface depth of 2 fibres corresponds to 250 
of the total 1000, and 3 fibres to 360 of the 1000. The strength of a 
bundle of 1000 filaments may be determined by the surface layer which 
is only 2-3 fibres thick.
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This analysis is difficult to extend to the 3 and 9k hybrid and 
impregnated bundles due to the poor tow compaction which makes 
definition of the surface region difficult. These larger bundles may 
be expected to partially retain the character of the 1k tows. The 
observed trend is, however, consistent. From table 3*2, the hybrid 
effect decreases with increasing bundle size, even after thermal and 
size effects have been accounted for. As the hybrid bundle size 
increases, the strength falls at a rate predicted by the statistical 
model. The impregnated bundle strength does not change as quickly 
with size. This would be expected if it is the surface fibres that 
initiate failure in the impregnated bundles only. Although the total 
bundle size increases by 3 between the 1k and 3k bundles, the number 
of surface fibres only increases by a factor of 1.8.
As mentioned in the Introduction, the flexibility in the choice 
of fibre ratio is one of the advantages of hybrid composites. On the 
one hand, significant proportions of carbon may be required in a 
carbon/glass hybrid so that both fibre types may contribute to the 
stiffness and load bearing ability of the material. On the other 
hand, maximum benefits in terms of the strength of the carbon can only 
be realised when the carbon/glass ratio is small. This includes both 
the size and hybrid effect contributions to carbon strength. To 
maximise both requirements, the carbon in the hybrid needs to be 
dispersed as finely as possible amongst the glass. This then allows 
for a relatively large volume of carbon to be incorporated for its 
stiffness contribution, but the volume is very dispersed to maximise 
the strength. Various states of dispersion are illustrated in figure 
1.1 and the designer can produce the balance required within the 
limitations of the fabrication cost. The multi-ligament hybrids in
this work use the ligament spacing to model states of increasing 
dispersion as s increases. The double-ligament results show that when 
the bundles are well separated (>3mm) they essentially fail 
independently and no further benefit would be gained by increasing the 
spacing beyond this limit. The figure of 3mm is obviously a constant 
that pertains only to this system and geometry, but corresponding 
values will exist for both laminated and other geometry systems. At 
large values of s, the mean bundle strength was the same as that 
measured in the single ligament series and, although is has not been 
plotted due to the limited amount of data, the cdf would also be 
identical.
When the bundle spacing is reduced below 3mm, the bundle becomes 
less effective as a strengthening element. The failure of one bundle 
is able to affect a neighbouring bundle by overloading it. The 
situation is analogous to the load redistribution after single fibre 
failure in non-hybrid composites but there are two major differences. 
In the non-hybrid composites, relatively little load is carried by the 
matrix and the load lost by fibre failure is entirely taken up by 
surrounding fibre. In hybrids, the distributed load is carried by 
both components, with the relative proportions being dependent on the 
component properties and geometry. Also, the fibre variability in 
strength is large compared to that of a non-hybrid 1k bundle. When 
single fibres fail, therefore, the surrounding fibres are more likely 
to be supporting only a fraction of their ultimate load , and hence, 
carry the overloading without propagating failure. In a hybrid, 
neighbouring bundles will be relatively close to their ultimate loads 
and so require comparatively little overloading to induce catastrophic 
failure. Very close bundle spacings in the hybrid specimens allow the
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two carbon bundles to behave as a single volume element twice as 
large, and so suffer the corresponding reduction in strength. At a 
value of s=0.3mm, this results in a 50mm length of bundle appearing to 
have the same strength as 100mm, figure 2.28. The strength of the 
carbon will, therefore, decrease by a factor of between one and 0.96 
(i.e with decreasing s for a double ligament hybrid. The
optimum bundle spacing will be a function of the bundle variability 
which in turn is dependent on the fibre variability, and to a lesser 
extent, on bundle size.
The two dimensional array hybrids extend the model closer to a 
practical material. This hybrid system is analogous to the single 
fibre glass plate studied by Rosen [23], where again the single fibre 
unit is replaced by a bundle. The major difference between the 2-D 
array and the double bundle hybrids is that each bundle now has two 
nearest neighbours rather than one. Potential overloading may thus 
come from either or both neighbours. At large values of s, each 
bundle would again be expected to fail independently, and although 
only a limited amount of data has been gathered at 3=6.0mm, there are 
3 breaks per 50mm of bundle at 1.12% compared to 2 per 50mm in the 
single ligament hybrids. In the array specimens at s=1.5nim, the 
fracture density is increased to 7, which is more than three times the 
value expected from a single ligament hybrid, indicating the possible 
influence of next nearest neighbours which, in this case, would be 
3 .0mm distant.
The approximate calculation of strain concentration factors, 
although crude, does give values within the expected bounds for a 2-D 
array, i.e. 1.0 and 1.5* The value of K will not vary with fibre or
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bundle strength but will be affected by the geometry and other 
mechanical properties such as the modulus ratio and the interfacial 
shear strength. The implication for the strength of 'real' hybrids is 
reiterated; to reduce K, the bundles must be well separated. One 
final feature of mixed fibre composites also supports this principle, 
that is, the strain concentration effect of the LE component breaks on 
the HE phase. This will be a minimum when the LE phase exists as 
small well spaced units and must be considered when analysing the 
strength of the total 'structure'.
This basic philosophy has been demonstrated analytically by 
Fukuda and Kawata [63] for non-hybrid composites. The authors show an 
expected decrease in strain concentration factor for a decrease in 
fibre volume fraction and fibre size, and also, an increase in K with 
fibre/matrix modulus ratio.
5«5 Future work
The Weibull distribution, which fits the experimental single 
fibre strength data down to a length of 1mm, may not extrapolate 
linearly to lengths an order of magnitude less than this, as assumed. 
As postulated by other workers, a 'double' distribution may be more 
realistic when considering such small lengths. Any direct evidence 
for the strength of fibres at very short lengths would thus be 
valuable. One possible technique which might be used would be to 
incorporate a single fibre in a glass/epoxy matrix as a one-fibre 
hybrid. This would allow for the possibility of fracturing the fibre 
to lengths less than 1mm. The data could be gathered and analysed in 
the same manner as described for the bundles of this work.
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The well collimated and compacted impregnated bundles of 1k 
fibres followed the statistical model, whereas the larger bundles did 
not fit as well. Alternative fabrication routes may be able to 
produce multi-tow bundles of a more homogeneous nature, and hence, 
show more clearly the applicability of the model. Pultrusion is the 
obvious first choice, though sufficient time and resources were not 
available within this project to allow for its satisfactory 
development. Possible alternatives would include a batch type 
pultrusion process, where fibre is drawn into the die and cured in 
position. Collimated bundles could also be produced by 'casting' 
inside small bore tubes, or shrink-fit tube.
Direct determination of the size of the critical group would 
obviously be of interest. A possible extension of the method 
described by Manders [64] might allow this. If fibre coated with an 
electrical insulator were used, then a single conducting path may be 
traced along a bundle fibre of appreciable length. If this length 
could be extended to that at which a bundle could be tested in 
tension, then a minimum estimate of 'i' could be determined. A second 
technique, although rather laborious, would be to perform a 
statistical analysis of longitudinal bundle sections that have been 
polished for microscopy. By directly counting fracture groups as a 
function of strain, data could be gathered which could be used to 
construct i-plet lines similar to those drawn in figure 3*2 for 
composite failure. Both of the above techniques could equally be 
applied to hybrid and non-hybrid bundles. It is unlikely that 
acoustic emission equipment could be used with sufficient sensitivity 
to allow for the differentiation between single fibre fractures, resin 
cracks and debond emissions.
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The statistical model does not incorporate differences between 
large fibre bundles of different shape. An interesting area for 
research would be to study such differences; for example the 
difference between 'rod-like' and 'plate-like' fibre arrangements.
Both shapes are used extensively in practice, and it would be of 
interest to test bundles of varying surface area but of constant 
volume. The idea of the critical group size being larger for hybrid 
bundles requires further verification. If possible, hybrids could be 
tested containing bundles that are identical in all respects except 
the fibre variability. Commercially available fibres exist that cover 
a range of Weibull exponents from 2 to 30; Kasai and Saito [7]*
The ineffective fibre length, both in hybrid and non-hybrid 
bundles, is a parameter crucial to the current failure models, and yet 
is one particularly difficult to measure. The ineffective length will 
be dependent on the stress carried by the fibre at failure, and would 
thus be subject to the same variability. This effect could most 
easily be incorporated into the model of Batdorf [37], but although 
the effect has been observed it has not been quantified. The 
observation of fracture surfaces does allow for its estimate, and the 
fact that pull-out lengths vary would support the idea of a strength 
dependent ineffective length. Analysis of such fracture surfaces may 
give a method of determining the variability of fibre strength; W. 
This would especially be of interest if the variability measured in 
the composite was different to that determined by single fibre tests.
Load redistribution between hybrid bundles is an important 
phenomenon in its own right. This may be used, however, to 
investigate the relationship between load sharing and the system
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properties, and hence, predict the expected "behaviour on a 
fibre-to-fibre level. The two-dimensional model hybrid studied in 
this work could easily be extended to a three-dimensional array, and 
again not only provide information for the behaviour of real hybrids 
but also be used as a model for load-sharing.
Even without the benefits of the hybrid effect, mixed fibre 
materials are of considerable interest. With the number of fibre 
types, resin systems and fabrication routes currently available, there 
are an infinite number of hybrid materials possible. Research on 
model systems is, therefore, required in order to identify the 
required properties of the individual components, and hence, indicate 
which are the most attractive fibre combinations.
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Hybrid effect with respect to 1k impregnated strength
L Mean stress 
(mm) (GPa)
20 2.82
50 2.81
100 2 .6 6
200* 2.61
20 3.71
50 ‘3.64
100 3-59
200 3-54
20 3.51
50 3-46
100 3-39
200 3-34
20 3.16a
50 3.10a
100 3-03a
200 3-01
With thermal Weak-link 
correction correction
1k impregnated data
N/A N/A
1k hybrid data
3.52
3.45 N/A
3.40
3.35
3k hybrid data
3.33 3.50
3.28 3.45
3.21 3-38
3.16 3.31
9k hybrid data
2.99 3-29
2.93 3.22
2.86 3.15
2.84 3.12
fference % Increase 
(GPa) impregnated
N/A N/A
+0.70 25
+0.64 23
+0.74 28
+0.74 28
+0.68 24
+0.64 23
+0.72 27
+0.70 27
+0.47 17
+0.41 15
+0.49 18
+0.51 20
*X*
Extrapolated to these lengths 
a Extrapolated using Weibull modulus of 24
Table 3»1
Weibull exponents
Fibre group Mean exponent Gradienta Correlation
coefficient
Single fibre 5*80 6.02 0.9869
Dry bundle 18.1 12.5 0.9670
Impregnated 1k 17 27 0.9408
3k 15 -77 -0.8208
9k 16 100 0.6551
Hybrid 1k 24 56 0.9828
3k 29 45 0.9937
9k 15 11 0.9937
Mean exponent from the four length estimates 
a -1/gradient from Ln stress vs Ln length plot 160
>-
LU
Z
CD
111
_J CD CD CD o o CD
h- Q Lll Lll LU 1—1 1—1 i—(
Z Z DC CL CL CL CL CL Z
Lll ZD Q_ CL QJ CD CD CD <
X CD X X X >- >- X X
< ♦—1 »—i i— i X X X Lll
_J1—f >-CL Z z z z z z
_J
O
LL CD ■*— CD CD CD CD CJ
r
i
o □ > < ■ • X X
CD
CD
in q
X
CD
in
in
■ X
mt
(N
©
in
imn x
in
CM00CNI
X
£
£
X
L-
CD
z:
LU
CD
O
<
CL
C ^d9) SS3dlS NV3U 901 IV d fllV N
161
Fi
gu
re
 
3
*
1a 
Me
an
 
st
re
ng
th
 
po
in
ts
 
fo
r 
al
l 
th
e 
st
re
ng
th
di
st
ri
bu
ti
on
s 
pl
ot
te
d 
as
 
a 
fu
nc
ti
on
 
of
 
le
ng
th
.
turn OS
o  oCD CD 
Lll LU LU
Ctl
OQ
>-
CL
nurui x
Jc
CO CDCD
CD CNCD(N
CD
£  i 
JO Q
X
CD
LD
CD
-'t*
in
co
cd
co
in
CD
in
CD
in
i
CD
T
CD
!Z
LU
CD
O
<
CL
(T0d9) SS3dlS NV3UI .901 “IVdfTlVN
162
Fi
gu
re
 
3
*
1b 
Th
e 
sa
me
 
pl
ot
 
as
 
fi
gu
re
 
3
*
1a 
ex
ce
pt
 
th
e
da
ta
 
ha
s 
be
en
 
co
rr
ec
te
d 
fo
r 
th
er
ma
l 
st
ra
in
 
an
d 
al
l 
mu
lt
i-
to
w 
bu
nd
le
s 
sc
al
ed
 
to 
1k
.
Q.
In(d)
- 10-
8 -0.05mm 
n -1k
- 20-
L = 5 0 m m  
W=5.8
Figure 3*2 Failure lines of expected composite strength 
taken from Batdorf [37]* The expected i-group 
required for the failure of a 1k bundle is 
given by the order of the i-plet line that 
intersects the measured strength on the strength 
axis; i.e. 3*
- 1  -
i
c
-2 -
-3 -
i=1
Ln STRESS CGPa)
2.0
Ik SCALED TO 0.05mm
Figure 3*3 Composite failure curves taken from Smith fto] 
The measured cdf of the 1k impregnated bundle 
is drawn as the dashed line.
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Figure 3*4 Curves for the expected distribution of composite 
strengths taken from Harlow and Phoenix [3 lj - 
dashed curves have been taken from Fig.1.6. The 
experimental mean strengths for the impregnated 
and hybrid bundle data are shown as points. The 
hybrid points are corrected for thermal stress.
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4- CONCLUSIONS
a) The strength of single carbon fibres is a variable quantity 
which is strongly dependent on fibre length. The two-parameter 
Weibull distribution can adequately be fitted to the experimental 
strength distribution with the incorporation of weak-link scaling 
between fibres of different length.
b) Dry fibre bundles are weaker than single fibres, but the ratio 
of fibre to bundle strength is less than that predicted by Coleman 
[l7]* Frictional coupling between fibres, not included in Coleman's 
model, causes long dry bundles to be stronger than equal-load-share 
theory would predict; this in turn reduces the variability in bundle 
strength below that of the single fibre.
c) The variation in impregnated bundle strength can adequately be 
fitted with a weak-link scaled two-parameter Weibull distribution. 
Single fibres are stronger than impregnated bundles at lengths less 
than 5mm, but at lengths greater than this the impregnated bundles are 
stronger because of the rapid loss of strength with length in the 
single fibre. The relationship between the experimental impregnated 
bundle strength distribution and the single fibre dstribution is in 
agreement with the models proposed by Harlow and Phoenix [29,30],
Smith [35] and Batdorf [33]• Using the experimental data, the models 
suggest that a group of three consecutive fibre breaks are required to 
initiate bundle failure. It has not been possible to substantiate 
this directly.
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d) Impregnated bundles, hybridised with glass, fail at a higher 
strain than similar impregnated bundles tested unsupported. Thermal 
strain effects can account for only J>0% of the ’hybrid effect1. The 
two-parameter weak-link scaled Weibull distribution can be fitted to 
the hybrid strength distribution, where the variability in strength is 
less than that of the simply impregnated bundles.
e) The variation in hybrid strength follows the aforementioned 
statistical models with an expected larger consecutive fibre group 
required to initiate failure. It is proposed that simply impregnated 
bundle strength is limited by localised fibre fractures at or near the 
surface. In this region, a group of fibre breaks constitutes a.flaw 
of greater severity than a similar size group within the body of the 
bundle.
f) The strength of hybrid bundles is affected by the proximity of 
neighbouring bundles on the same cross-section. The strength of two 
bundles closely spaced is the same as that of a single bundle twice 
the length. The strength of well separated bundles is the same as 
that of a single bundle hybrid. The range of bundle-to-bundle 
interference is approximately ten bundle diameters, in the hybrid 
system studied.
g) To achieve the maximum benefit, in terms of strength, the 
hybrid should contain the carbon fibre as small discrete bundles, 
separated by a minimum distance.
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Figure 1 
Figure 1,
Figure 1 
Figure 1
Figure 1 
Figure 1
Figure 1 
Figure 1 
Figure 1 
Figure 2 
Figure 2
Figure 2
Figure 2 
Figure 2
Figure 2
Figure 2 
Figure 2
1 Schematic representation of four hybrid composite types, 
note especially the differences in fibre dispersion.
2 The Weibull density function for five values of the 
Weibull exponent, a). The same data plotted as the 
integrated frequency distribution b), and on Weibull 
axes yielding straight lines of slope W, c).
3 The gamma function, plotted for values of (x) between 
1 and 2.
4 Load sharing under the two rules of a) Local load sharing, 
and b), Equal load sharing. Non-failed fibres are shown 
as open circles and failed fibres as solid circles. A 
load concentration factor of 1 represents a load equal to 
the applied load.
5 Notional volume units present in a composite. The bundles 
represented here are three dimensional groups of fibre.
6 Composite strength distribution curves taken from Harlow 
and Phoenix [31]• The curves are drawn for a range of 
fibre Weibull exponents of between 3 and 50, and predict 
the strength of a nine fibre bundle.
.7 Schematic representation of the failure 'envelope' for 
composite strength, taken from Batdorf [37].
.8 Idealised stress/strain curves for low strain, and high 
strain to failure fibre components.
.9 Simplified representation of the two fibre components 
in a two-dimensional model hybrid.
.1 'Window cards' used to support single fibres for tensile 
testing.
.2 Laser arrangement used to measure the diameter of single 
carbon fibres. The laser, fibre and screen are mounted 
on an optical bench.
•3 The output from a photo-diode showing the relative 
intensities of the diffraction pattern obtained from 
a single fibre.
.4 Histogram of fibre diameters, the sample size is 
approximately one quarter of the total population.
5 Typical SEM micrographs of single fibre fracture 
surfaces. Figure a) is a from a low strain fibre 
and b) from a high strain fibre.
6 Compliance corrected fibre strain and fibre stress 
points for all measurements at each of the four 
gauge-lengths.
7 Fibre diameter plotted as a function of fibre failure 
stress.
8 Examples of dry fibre bundles shown at a gauge-length 
of 20mm before and after testing.
Figure 2.9 A typical stress/strain curve obtained from a test on
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
.10 Natural log fibre length against natural log fibre 
failure stress. The mean strength line has been 
obtained by best-fitting a line to the experimental 
single fibre data, see Fig. 3*1• The characteristic 
stress line has been obtained by fitting a line 
to the experimentally determined characteristic 
strength values.
.11 Computer generated random number plotted as a function 
of its integrated frequency.
.12 Computer simulation of expected dry bundle strength 
under ELS failure. The bars on the stress axis are the 
values extrapolated to the shown lengths from figure 3*1*
The curves represent the strength as predicted from the 
simulation.
.13 Arrangement used to impregnate fibre bundles, and to 
prepare the partially cured bundles used to produce 
the single ligament, double ligament, and 2-D hybrids.
.14 Dimensions and arrangement of the end tab used to test 
impregnated fibre bundles. The load is applied via the 
loading pin and a hook-and-eye.
.15 Examples of impregnated bundles of 1k, 3k, and 9k fibres.
.16 Micrographs of polished cross-sections of impregnated
bundles. The photographs illustrate a 3k bundle composed 
3 x 1k tows, and a 9k bundle of 9 x 1k tows. Note especially 
the poor tow compaction at 9k.
.17 Scanning electron micrographs of impregnated bundle 
fracture surfaces. Failure is localised within a 
single cross-section, with relatively little pull-out.
.18 Winding frame and mould used to produce plates of
hybrid material. Each carbon tow is tensioned into the 
frame a) prior to the over winding of dry glass b).
The dry fibre is than impregnated under vacuum and 
placed in the mould c) to cure in the oven.
.19 Examples of 1k, 3k and 9k hybrid testpieces prior 
to testing.
.20 A short series of fracture photographs taken with 
increasing strain. The test illustrated is that of a 
9k single ligament hybrid with a total gauge-length 
of 200mm. This large bundle clearly illustrates the 
debond zone to either side of every tow fracture. The 
technique used to determine failure stress per gauge- 
length from this test is shown in Fig.2.21.
.21 Notional gauge-length method for the determination 
of hybrid strength from strain and fracture position 
recordings made during testing.
Figure 2.22 Optical close-up of debond zone associated with hybrid
bundle fracture. The debond is not as clear to the camera 
as to the naked eye due to the poor depth of field.
of each bundle on the total specimen cross-section is 
also shown.
Figure 2.24 Examples of all glass, 1k, 3k and 9k hybrid specimens
with the three positions of acoustic emission transducer
marked with black lines.
Figure 2.25 Typical acoustic emission traces from each of the four 
specimens illustrated.
Figure 2.26a Series of double bundle specimens showing the range of 
bundle spacings produced.
Figure 2.26b Cross-sections of the two smallest spacings showing 
the distribution of glass between the bundles.
Figure 2.27 Data from the single ligament hybrid series plotted in
. terms of number of fractures per gauge-length, with the
gauge-lengths of 200, 100, 50 and 20mm illustrated.
Figure 2.28 Expanded version of Fig.2.27 over the strain range
1.68 to 1*12%%. Only the 100 and 50mm lines from the 
single ligament hybrids have been drawn, and the data 
for 50mm lengths of double bundle are included for the 
four, spacings illustrated.
Figure 2.29 Examples of double bundle failure when interference is 
'total' and when interference is 'remote'.
Figure 2.30 Number of fractures per 50mm gauge-length for all the 
tested bundle spacings. Note that the curve approaches 
the single ligament value of 2 at high values of 's’.
Figure 2.31 The ratio of adjacent fractures for all the bundle 
spacings tested.
Figure 2.32 Examples of 2-D array hybrid testpieces prior to testing.
The bundle spacings illustrated are 1.5, 3-0 and 6.0mm. 
The polished cross-section is taken from a section of 
a 1.5mm specimen.
Figure 2.33 Fracture state photographs showing the 6.0 and 1.5mm 
2-D specimens at 1.72%% strain. The dot figures mark 
the position of each bundle fracture.
Figure 2.34 The all carbon composite specimen type used for the 
determination of Young's modulus.
Figure 2.35 The model used for the calculation of induced thermal
strain. The expected thermal strain is calculated using 
the equation and then converted to a stress using the 
standard modulus.
Figure 2.36 The twelve strain-gauge readings obtained from a single 
specimen due to the three gauge positions and the four 
possible orientations in the grips.
Figure 2.37a Single fibre strength distributions, plotted 
on linear axes a), and on Weibull axes b).
The series of graphs on the following pages 
illustrate the strength distributions obtained 
for all the tested fibre arrangements.
Figure 2 
Figure 2
Figure 2
Figure 2
Figure 2
Figure 2
Figure 2
Figure 3 
Figure 3 
Figure 3
Figure 3 
Figure 3
b) The distribution plotted to a common scale 
to allow comparison between fibre groups.
c) The distribution plotted on Weibull axes.
38 Dry bundle strength distributions.
39 Impregnated bundle strength distributions 
for a bundle size of 1k.
40 Impregnated bundle strength distributions 
for a bundle size of 3k.
41 Impregnated bundle strength distributions 
for a bundle size of 9k.
42 Hybrid bundle strength distributions 
for a bundle size of 1k.
43 Hybrid bundle strength distributions 
for a bundle size of 3k.
44 Hybrid bundle strength distributions 
for a bundle size of 9k
1a Mean strength points for all the strength
distributions plotted as a function of length.
1b The same plot as figure 3»1a except the 
data has been corrected for thermal strain 
and all multi-tow bundles scaled to 1k.
2 Failure lines of expected composite strength 
taken from Batdorf [37]. The expected i-group 
required for the failure of a 1k bundle is 
given by the order of the i-plet line that 
intersects the measured strength on the strength 
axis; i.e. 3*
3 Composite failure curves taken from Smith [40]- 
The measured cdf of the 1k impregnated bundle 
is drawn as the dashed line.
4 Curves for the expected distribution of composite 
strengths taken from Harlow and Phoenix [31]• The 
dashed curves have been taken from Fig.1.6. The 
experimental mean strengths for the impregnated 
and hybrid bundle data are shown as points. The 
hybrid points are corrected for thermal stress.
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Operating conditions of the pultruder
The main problem with the pultruded composite was the rather poor 
quality of the surface finish. Several types of die coating were 
tried to overcome this. Each die coating was tried with a series of 
operating speeds and temperatures as given below.
Experimental conditions:
Die surfaces: Polished steel
Spray coated P.T.F.E.
Wax coated steel 
Melinex coated steel 
Bulk P.T.F.E. coating
Resin systems: Polyester C272 2$ cat. 0.25$ acc 
Polyester C272 2% cat. 0.0$ acc 
Epoxy E828 80 NMA 5 BDMA
Epoxy E828 60 NMA 4 BDMA
Epoxy E828 60 NMA 4 K61B
Epoxy E828 10 K61B
All at various heating schedules to optimise pot life and/or 
viscosity.
Rates: Haul-off speeds 5-100 mm/min.
Fibre fractions 0.24-0.72 by volume.
Increasing and decreasing heating profiles.
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c Appendix B
c
C : : : : :  I : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : ; : : : :
DIMENSION A (2 0 0 ) , B ( 200 )
C
10 N=*° FORTRAN program to calculate the probability
20 N-N+1 -----------------------------— ° ----------
R E A D (5 ,* )A (N )
i f ( a ( n ) . e q . 9 9 )  g o to  30 of failure from a series of strength data.
GOTO 20
c
30 n =n - i  The program also outputs the data in a
CALL S 0 R T (A ,B ,N )
c
40 do 6o j=i ,h form suitable for plotting on Weibull axes.
PF=1 .0 /(F L O A T (N )+ 1 , . 0 )  '
P F » P F *F L 0 A T (J )
g p f =a l o g ( p f ) 
g a =a l o g ( a ( j ) )
GPFS»AL0G (1 .0 /F L 0 A T ( 1 . 0 - P F ) )
GPFL=ALOG(GPFS)
c
V R IT E ( 6 ,5 0 ) A ( J ) ,P F  
50  F O R M A T (X ,E 1 4 .5 ,X ,E 1 4 .5 )
W R IT E (7 ,5 0 )G A ,G P F L  
60 CONTINUE
W R IT E (6 ,7 0 )
W R IT E (7 ,7 0 )
70  F0R M A T('99 99’)
C
CALL STATS( A , N , AMEN, AVAR, ASTD,ACVAR)
C
W R IT E (1 ,8 0 )N  
80  FORMAT(X,'NUMBER 0 B S . = ' ,1 4 )
W R ITE (1 ,90)A M E N  
90 FORMAT(X, ' MEAN OBS.=*’ , E 1 2 .5 )
GAMEN=ALOG(AMEN)
w r it e ( 1 ,1 o o ) gamen
100 FO R M A T(X ,’ Ln MEAN 0 B S = ',E 1 2 .5 )
W R IT E (1 ,1 1 0 )A S T D  
110 FO R M A T(X ,’ STAN. DEV. » ' , E 1 2 . 5 )
W R IT E (1 , 1 20)ACVAR  
120 FO RM AT(X,'C O EFF. V A R . = * , E 1 2 . 5 , / / )
C
WRITE(1,130)
130 FO R M A T(X ,'0=*E N D ,1“ RE-RUN F IL E  MAY BE OVER W R IT T E N ! !! ')
READ (1 , 1 4 0 ) lF L  
140 FO R M A T(H )
I F ( I F L . E Q . 1 ) GOTO 10
STOP
END
SUBROUTINE S O R T (A ,B ,N )
DIMENSION A ( 2 0 0 ) ,B ( 2 0 0 )
10 J O  
20  J=J+1
IF (J .E Q .N )  GOTO 30  
I F ( A ( J ) . L E . A ( J + 1 ) )  GOTO 20  
T -A (J )
A (J )» A (J + 1 )
A ( J + 1 ) - T  
S = B (J )
C
B (J )= B (J + 1 )
bCJ+i ) - s
GOTO 10 
30  RETURN 
END
SUBROUTINE STA TS (A , N , AMEN, AVAR, ASTD, ACVAR) 
DIMENSION A ( 2 0 0 )
S U M -0 .0
AMEN= 0 .0  1
A S T D -0 .0  
AVAR= 0 .0  
ACVAR=0.0 
TO TS-O .O  
G TO T=0.0  
DO 10 J - 1 ,N  
SUM=SUM+A(j)
10 CONTINUE
AMEN=SUM/FLOAT(N)
C
DO 20 J “ 1 ,N
T 0 T S = (A (J )-A M E N )* (A (J )-A M E N )  
GTOT-GTOT+TOTS 
T 0 T S = 0 .0  
20 CONTINUE
AVAR»GTOT/FLOAT(N)
A S TD =A VA R **0.5
ACVAR=(ASTD/AM EN)*10 0 .0
RETURN
END
c
c number of s tep s- nstp A p p e n d i x  C
C INCREMENT-FINC
DIMENSION S(2 0 0 ) ,PF(2 0 0 ) ,GS(2 0 0 ) ,GGPF(2 0 0 ) ,GPFT(2 0 0 ) ,GPFS(2 0 0 ),
1Q(2 0 0 ) ,GQ(200)
NSTP-300
F iN c o .o i F O R T R A N  p r o g r a m  t o  c a l c u l a t e  t h e  " b e s t  e s t i m a t e
R1” 0.0001
?0 re a d (5 , * ) s ( j )  ^ h e  t h i r d  p a r a m e t e r  i n  a  W e i b u l l  d i s t r i b u t i
IF (S (J ).E Q .9 9 ) GOTO 20 
GOTO 5 
20 CONTINUE
C
NPTS=J-1
C
CALL SORT(S,B,NPTS)
C
WRITE(1,60 )
■60 FORMAT(’ ENTER START VALUE OF SIGMA U ’ )
READ (1 ,*)S U
C
DO 500 K-1.NSTP 
100 DO 110 J»1, NPTS
Q (J)“ S(J)-SU 
110 CONTINUE
DO 200 J -1 , NPTS
gq( j )=*alog( q( j ) )
P I-1.0/(FL0AT(N PTS) + 1 .0 )
P F (J)-P I*F L0A T (J)
G P FT(J)=A L0G (1.0 /FL0AT(l.O -PF(J)))
ggpf( j ) - alog ( g pft( j ) )
200 CONTINUE
C
CALL REGRES(Z1, Z2,Z3,Z4,GQ,GGPF,NPTS,R,G)
C
IF (R .G E .R I) R1-R 
IF (R .G E .R I) SU1-SU 
IF(R .G E.R 1) G1 -G 
WRITE(1,800)SU,R,G,SU1,R1 ,G1 
800 F0RMAT(6F13.4)
SU-SU+FINC 
500 CONTINUE 
STOP 
END
SUBROUTINE REGRES(Z1, Z2,Z3,Z4,GQ,GGPF,NPTS,R,G)
DIMENSION GQ(4 0 0 ) ,GGPF(400)
SUMA-0.0 
SUMB-0.0 
SUMA2-0.0 
SUMB2-0.0 
PRODO. 0 
10 N-0
DO 20 N -1 , NPTS
PROD” PROD+(GQ(N)*GGPF(N))
suma- suma+gq( n )
sumb=sumb+ggpf( n )
SUMA2-SUMA2+(GQ(N)*GQ(N))
SUMB2-SUMB2+(GGPF( N) *GGPF( N))
C
20 CONTINUE
DEVA-(( (SUMA2-( (SUKA*SUMA)/NPTS)) )/(N P T S -1) ) * * 0 . 5 
DEVB-(( ( SUMB2-( ( SUMB*SUMB)/NPTS) ) ) / ( NPTS-1) ) * * 0 .5
C PROGRAM TO CALC SIGMA M IN . IN  WEIBULL DATA
G -( PROD-( ( SUMA*SUMB) /N P T S ) ) / ( SUMA2-( ( SUMA*SUMA) /N P T S ) )  
R=G*(DEVA/DEVB)
C
C
C
RETURN
END
SUBROUTINE S O R T (S ,A ,N P TS )
DIMENSION S ( 2 0 0 ) ,A ( 2 0 0 )
10 J - 0 .
20  J -J+1
IF (J .E Q .N P T S )  GOTO 30  
I F ( S ( J ) . L E .S (J + 1  ) )  GOTO 20  
T 1 = S (J )
S ( J ) - S ( J + 1 )
S (J + 1 )-T 1  
GOTO 10 
3 0  RETURN 
END
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5 IR - IR H D (1 3 )  Appendix D
c
c
W R IT E (1 ,1 0 )
10 F0RM AT('ENTER W & CHARACTERISTIC LOAD : [ -1  TO END] ' )
READ (1,*)w,so 
IF (W .L E .O .O )  GOTO 999
C
W R IT E (1 ,2 0 )
20  FORMATCENTER #  OF FILAMENTS IN 'B U N D LE : ' )
READ(1 , * ) n f
c
W R IT E (1 ,3 0 )
3 0  FORMAT('ENTER LOAD INCREMENT : ' )
R E A D (1 ,* )S I
C
W R IT E (1 ,4 0 )
4 0  F0RM AT('ENTER NUMBER OF ITERATIONS REQUIRED : ' )
READ (1 , * ) N I
C
W R IT E (6 ,2 5 0 )
250  F O R M A T (X ,'N o ' , 3 X , 'W f ' ,6 X , ' L o ' ,7 X , ' N f ' , 3 X , 'F i b r e  S ’ , 4 X , ' I n c ' ,3 X  
1 , ' Load a t  I ’ , 4 X , ' N r ' , 2 X , 'S t r e s s  a t  I ' , 4 X , ' M  S t r e n g th  ’ ,2 X ,
2 'M .S . a t  I ' , 6 X , ' N r ' , 3 X , ' L o a d  a t  I ' , / , / )
S N -0 .0
FORTRAN program to simulate dry bundle failure
At bundle sizes greater than ten fibres this 
program should be run as a 'batch' job. The
program determines the maximum load carried by
an uncoupled bundle of Weibull fibres of
DO 50 J-1 ,NF
f i - f l o a t ( i ) predetermined W.
P S - F I /3 2 7 6 7 .0
TEMPS- ( ( AL0G( -1  . 0 *A L 0C ( PS) ) ) + ( V * ( ALO G( S 0 ) ) ) ) /W 
S-EXP(TEM PS)
f i b r e ( j ) = s
SUM-SUM+S
SM-SUM/NF |
50 CONTINUE
C 
C 
C
CALL S O R T (F IB R E ,N F )
NR-NF
C
J-1
80  ALOAD-ALOAD+SI 
FLOAD-ALOAD/NR
C
60  IF (F L O A D .G E .F IB R E (J )) GOTO 90  
N -0
C PROGRAM TO CALC. EXPECTED BUNDLE FAILURE LOADS IN  DRY BUNDLES
GOTO 80  
90 N-N+1
NR-NR-1
IF (N R .E Q .O ) GOTO 100  
J -J+1
FLOAD-ALOAD/NR 
GOTO 60
C
100 ALOADS-ALOADS+ALOAD 
ALOADM-ALOADS/L 
SNS-SNS+N 
SNM-SNS/L
C
SMS-SMS+SM
SMM-SMS/L
S T -A L O A D /(N F *4 *8 7 E -1 1)
STS-STS+ST
STM -S TS /L
SSTM-ALOADM/( N F *4 • 8 7 E -1 1 )
W R IT E (6 , 4 0 0 )L ,W ,S O , N F ,S M ,S I, A LO A D ,N ,S T , SMM.SSTM,SNM,ALOADM 
4 0 0  F 0 R M A T ( I3 , X , F 5 . 2 , 2 X , E 1 0 . 4 , X , I3 , 2 X ,E 1 0 .4 ,X , F 5 . 3 , 2 X , E 1 0 .4 , X ,
1 I 4 ,2 X , E 1 0 . 4 , 6 X , E 1 0 . 4 , 2 X , E 1 0 .4 , 2 X , F 6 . 1 , 2 X , E 1 0 . 4 , / , / , / )  
V R IT E ( 1 ,5 0 0 ) L ,N I  
500  F 0 R M A T ( l4 , ' OF ' , 1 4 )
200  CONTINUE
S N M -0 .0
S S M -0 .0
SS M M -0.0
S T M -0 .0
ALOADS= 0 .0
S N S -0 .0
S M S -0 .0
STS- 0 . 0
S S T M -0 .0
DO 2 0 0  L - 1 , N I
N -0
A L O A D -0.0  
S U M -0 .0
C
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C
CALL S O R T (F IB R E ,N F )
NR-NF
C
J-1
8 0  ALOAD-ALOAD+SI 
FLOAD-ALOAD/NR
C
60 IF (F L O A D .G E .F IB R E ( j) )  GOTO 90  
N -0
C PROGRAM TO CALC. EXPECTED BUNDLE FAILURE LOADS IN  DRY BUNDLES
GOTO 80  
90 N-N+1
NR-NR-1
IF (N R .E Q .O )  GOTO 100  
J-J+1
FLOAD-ALOAD/NR 
GOTO 60
C
100 ALOADS-ALOADS+ALOAD 
ALOADM-ALOADS/L 
' SNS-SNS+N 
SNM-SNS/L
C
SMS-SKS+SM 
• SMM-SMS/L
S T -A L O A D /(N F *4 .8 7 E -1 1)
STS-STS+ST
S T M -S TS /L
SSTM-ALOADM/( N F *4 .8 7 E - 1 1 )
W R IT E (6 ,4 O O )L ,W ,S 0 ,N F ,S M ,S I, ALOAD,N,ST,SMM,SSTM,SNM,ALOADM  
4 0 0  F 0 R M A T ( I3 , X , F 5 . 2 , 2 X , E 1 0 . 4 , X , I3 , 2 X ,E 1 0 .4 >X , F 5 . 3 , 2 X , E 1 0 . 4 , X ,
1 I 4 , 2 X , E 1 0 . 4 , 6 X , E 1 0 . 4 , 2 X , E 1 0 .4 , 2 X , F 6 . 1 , 2 X , E 1 0 . 4 , / , / , / )  
W R IT E (1 ,5 0 0 )L ,N I  
500  F 0 R M A T ( l4 , ’ OF ’ , 1 4 )
20 0  CONTINUE 
GOTO 5 
999 STOP 
END
SUBROUTINE S O R T (F IB R E .N F )
DIMENSION F IB R E (1 0 1 0 )
10 J -0
20 J -J + 1
I F (J .E Q .N F )  GOTO 30  
IF (F IB R E (J ) .L E .F IB R E (J + 1  ) )  GOTO 20  
T -F IB R E (J )
F IB R E ( j) -F IB R E ( J + 1 )
F IB R E(J+1 ) - T  
GOTO 10 
3 0  RETURN 
END
184
c d a ta  r e a d  fro m  u n i t  5 Appendix E
C 200mm TO U N IT  6
C 100mm TO U N IT  7
C 50mm TO U N IT  8
C 20mm TO U N IT  9
C 
C
DIMENSION P ( 4 2 0 ) ,S ( 4 2 0 )
C
W R IT E (1 ,5 0 0 )
500  FORMAT('ENTER NUMBER OF 200mm S P E C IM E N S :')
R E A D (1,*)N S P E C
FORTRAN program the calculates failure stress 
for each gauge length from position and stres; 
measurements recorded from the hybrid specimei
N O  
10 N-N+1
R E A D ( 5 , * )U ,P ( N ) ,T ,S ( N ) ,D  
I F ( D .G T . 9 0 )  GOTO 20  
GOTO 10 
20  N -N -1
C TO SELECT 200mm 
BO = >-200 .0  
UP = 0 .0
DO 28 M=1,NSPEC  
B 0 -B 0 + 2 0 0 .0  
UP=»UP+200.0
CALL G E T 0 U T (P ,S ,N ,B 0 ,U P ,S 1  ,P 1 )
W R IT E (6 ,3 0 )S 1  
30 . F0RMAT(F10 . 4)
28 CONTINUE£******#•***«•******•**»********#**#********#*****#***»************«-»****»**
C TO SELECT 100mm 
B 0 - - 1 0 0 - 0  
U P O .O
MSPEC=NSPEC*2 
DO 40  M=>1 ,MSPEC 
BO-BO+1 0 0 .0  
U P -U P + 1 0 0 .0
CALL G E T O U T (P ,S ,N ,B 0 ,U P ,S 1  ,P1 )
V R IT E (7 ,3 0 )S 1  
4 0  CONTINUE
q* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C TO SELECT ' 50MM
B 0 - - 5 0 .0  
UP =*0.0
JSPEC=NSPEC*4 
DO 50 M=*1 , JSPEC 
B O -B O +50.0  
UP=*UP+50.0
CALL G E T 0 U T (P ,S ,N ,B 0 ,U P ,S 1 ,P 1 )
W R IT E (8 ,3 0 )S 1  
50 CONTINUE
C TO SELECT 20mm
BO = *-2 0 .0  
U P O .O
LSPEC»NSPEC«10 
DO 60  M=*1 , LSPEC 
B0=*B0+20.0  
U P =U P +20.0
CALL G E T 0 U T (P ,S ,N ,B 0 ,U P ,S 1  ,P1 )
V R IT E (9 ,3 0 )S 1  
60 CONTINUE
PROGRAM TO CONVERT POS & STRESS GAUGE LENGTH STRENGTHS
7 0  STOP
END
SUBROUTINE G E T O U T C P .S .N .B O .U P .S I,P 1 ) 
DIMENSION P ( 2 0 0 ) ,S ( 2 0 0 )
P 1 O . 0  
S 1 -1 0 0 .0  
DO 10 J - 1 ,N
I F ( P ( j ) . L T . B O )  GOTO 10  
I F ( P ( J ) .G T .U P )  GOTO 10  
I F ( S ( J ) . L T . S 1 )  S 1 -S (J )
P 1 -P (J )
10 CONTINUE
RETURN 
END
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ABSTRACT
Tests have been carried out on single carbon fibres, impregnated tows of 
the same fibre, and similar tows made up into a glass-carbon fibre hybrid 
laminate. The measured strengths of the carbon-fibre have been analysed on the 
basis of a Weibull distribution. It has been shown that, over the range of 
gauge-lengths used, the impregnated tows and the hybrids were stronger than the 
single fibres, but did not behave as ideal Weibull solids.
INTRODUCTION
The strength of many brittle materials may be shown to be related to the 
bulk of the test sample. In the case of strong fibres, such as glass and carbon, 
the strength of a single fibre is a function of the length tested. It follows 
that the strength of a fibre composite, or array of fibres, will be some function 
of that of the single fibre involving a consideration of bulk, i.e. the length 
and number of fibres in the element in question. The objective of this work has 
been to reconcile the observed statistical distribution of strengths in single 
carbon-fibres, impregnated tows of fibre and similar tows in a hybrid glass/ 
carbon laminate.
The experimental programme was conducted on fibres drawn from a single tow 
of 1000 high strength carbon filaments. Single fibre, impregnated tows and 
hybrid specimens were tested in tension to give strength data at several gauge 
lengths. These data have been subjected to an order-statisti.cs analysis and 
tested against a simple Weibull two parameter model.
EXPERIMENTAL
Single Fibre Tests
Fibres were selected at random from a length of 1000 filament, high strength 
carbon-fibre tow (Celion 1000). They were mounted on standard "window" cards, 
cut to give gauge lengths of 50, 20, 10 and 1 mm and were tested in tension on 
an Instron machine fitted with a 0.5N capacity load cell at an extension rate 
of 0.1 mm/min. Seventy repeat tests were conducted at each length. The 
diameter of each fibre was measured by laser diffraction to an accuracy of 
± 2%.
Specimens were prepared by vacuum impregnating lengths of the 1000 filament 
tow with a liquid epoxy resin (Shell 828 cured with NMA and K61B), they were 
cured, hanging in an air circulating oven at 100 C and then post-cured at 130°C. 
They were cut to give specimens with gauge lengths of 300, 150, 50 and 20 mm 
which were then tensile tested (30 specimens at each gauge length). The total 
fibre cross-section in the tow was calculated from the average fibre diameter 
obtained from the 260 single filament tests. The actual mean tow diameter was 
0,31 mm corresponding to a fibre volume fraction of 0.67.
Hybrid Tests
These specimens were made by incorporating a single tow of the carbon into 
a uniaxial glass-fibre/epoxy resin laminate (fig.l). Six lengths of carbon tow 
were laid onto a 300 mm square metal frame, spaced at intervals of approximately 
30 mm. E-glass fibre roving was then wound onto the frame, over the carbon to 
form a sandwich array. This was then vacuum impregnated with the same epoxy 
resin used for the impregnated tows, cured and post cured as above. Precautions 
were taken to ensure that the carbon tows remained straight and parallel to the 
glass rovings. The resulting plate was then cut up into 10 mm wide coupons with 
the carbon tows centrally located as depicted in fig.l. A cross section showing 
the carbon tow is shown in fig.2, the tow diameter was approximately 0.3 mm.
HYBRID SPECIMEN GEOMETRY CROSS SECTION
■CARBON T0V2 0 0 m m
GLASS/EPOXY
0. 5mm
Fig Fig 2. Cross section of hybrid
test piece.
Aluminium end tags were bonded to the coupons to give a total gauge length 
of 220 mm. An electrical resistance strain gauge was attached to the middle of 
the test section. The glass fibre and resin system chosen for these test pieces 
gave a highly transparent laminate so that the carbon tow was clearly visible to 
the naked eye and under the low-power optical microscope.
The test piece was extended in tension in an Instron machine at a rate of 
0.05 mm/min, force and strain were recorded on an X-Y recorder whilst a second 
pen was coupled to a potentiometric device which was used to indicate the 
position, along the gauge length, of an internal carbon-tow fracture. As the 
test progressed a fracture would occur in the carbon tow (which has a much 
smaller strain to fracture than the glass); each fracture event was easily 
detected audibly and its position could -be seen through the transparent glass- 
epoxy. The indicator device was aligned with each such fracture and thus the 
force, strain, and position of each event was recorded. For the purposes
j.i uuxs xengcn were recorded. The test was terminated when
the crack spacing approached 10 mm, when the strain was typically 2%. This is a 
refinement of the techniques described by Manders and Bader (1). Eleven 
specimens were tested.
The data were analysed by a computer programme in which the 200 mm gauge 
portion on the test piece was notionally divided into sub-gauge lengths of 2 x 
100, 4 x 50, and 10 x 20 ram. Each of these gauge lengths was then treated as an 
independent test piece. Thus, in the case of the first fracture observed in a 
test piece, the strength of the tow was calculated from the observed failure 
strain and this was designated the strength of that 200 mm length; it would also 
be the strength of the weaker of the two 100 mm lengths, the weakest of the four 
50 mm lengths and so on. The process was then repeated with the programme 
selecting each gauge length in turn and finding the fracture with the lowest 
failure strain in that gauge length. It should be noted that the measured 
parameter was the strain at fracture and that the stress was calculated from this 
by applying the Young’s modulus of the carbon fibre as determined by a separate 
test on an impregnated tow. There is an assumption of strain uniformity 
throughout the test piece. The crack position was determined to within ± 1 mm 
from a datum, which was one end of the 200 mm gauge length, corrected according 
to the strain at the time of observation.
RESULTS AND DISCUSSION
Weibull (2) has proposed a simple distribution function which may be 
applied to many materials phenomena. The integrated form of the two parameter 
version is:
Where F(a) is the cumulative distribution function (c.d.f.) of the variable a
of the variability of a, and oQ is a normalising parameter which renders the 
function dimensionless. The c.d.f. is a description of the observed strength
values when ordered from the lowest to the highest. This is equivalent to a
probability of failure ranging from 0 to 1.
The probability of survival of a fibre of unit length may be written:
The characteristic stress aQ is thus the stress corresponding to P = 1_ (i.e. 
0.368 or P = 0.632). S e
And that of a fibre of length i by:
The quantity £ is a "weakest-link” scaling factor. In order to test the 
correlation between experimental values and the Weibull model it is convenient 
to plot the data on logarithmic axes, in o is plotted against in in (1/1-Pf) 
which should yield a straight line of slope W according to the equation:
The Pf curves for single fibres, impregnated tows and hybrids are shown in 
figs. 3 and 4 and the associated logarithmic plots in figs. 5 and 6. Figures 7 
and 8 are expanded forms of the curves shown in fig. 6. A summary of the data 
is given in Table 1.
(1)
(which in this case will be the strength), 0o is the "characteristic value" of 
strength, w is the "Weibull modulus". The Weibull modulus is an inverse measure
. (2)
Ps exp  (3)
in in [1/(1-P^)1 « w in a - win o + in i i o  (4)
TABLE I
Gauge
length
(aim)
Number of 
observa tions
Mean strength 
a
(CPa)
0
o
(GPa)
C.V. of 
a w w*
50 66 2.25 2.41 18.4 6.1
SINGLE FIBRES
20 70 2.45 2.63 19.9 5.6 6.1
10 64 3.05 3.25 20.2 5.7
1 57 4.24 4.53 19.9 5.7
300 29 2.56 2.60 6.80 16
IMPREGNATED 150 32 2.68 2.77 7.17 15 27
TOWS 50 30 2.81 2.87 6.02 18
20 28 2.82 2.90 5.49 19
200 11 3.60 3.69 4.04 23
HYBRIDS 100 22 3.67 3.75 3.88 27 45
50 44 3.73 3.78 3.88 29
20 109 3.79 3.85 3.55 33
* Derived from the slopes of lines in fig. 10.
The a vs Pf curves in fig.3 clearly show the variations in strength 
associated with the four gauge lengths. The mean strength and the range both 
increase as the gauge length is reduced. The same data are displayed in fig. 5 
with the line of best fit drawn through each set. A reasonable fit is observed 
in 3 of the 4 cases and the lines are approximately parallel with slopes lying 
between 5.6 and 6.1. This approximates to the prediction of the Weibull model 
and we take the average value for the Weibull modulus, D, to be 5.8. This falls 
within the range quoted by other workers (1,3). If the scaling factor is 
incorporated into the model (equation 3) we may also predict the relative 
displacement of the lines on the stress axis. In Table 2a we compare the 
observed characteristic stress, a0, with that predicted by weakest link scaling 
of the 50 mm gauge length data. Again the experimental values are seen to fall 
quite close to those predicted, indicating that the fibres exhibit weakest link 
behaviour. We are unable to offer any explanation for the somewhat anomalous 
results at the 10 mm gauge length.
The results for both the impregnated and the hybrid tests are given in figs. 
4 and 6. The stress values in these figures have been calculated on the basis 
of the total carbon-fibre cross section and may thus be compared directly with 
the single fibre data. It may be seen that they follow the same general form as 
figs. 3-and 5 in that, in each case, the strength is observed to increase as the 
gauge length is reduced. The range however is much narrower than that for the 
single fibres and does not show the pronounced increase with decreasing gauge 
length. It may be noted that the range of single fibre strength values overlaps 
those of both the impregnated tows and the hybrids. At a fixed gauge length 
however the mean strength of the impregnated bundle is greater than that of the 
single fibre and the hybrid is even stronger. The strength of both sets of 
bundles is much less sensitive to gauge length than that of the single fibres. 
These observations.are reflected in the values for the Weibull modulus calculated 
from the data and tabulated in Table 1. The mean value of W for the impregnated 
tows is 17 and for the hybrids 28. The values for w do however vary quite 
considerably over the different gauge lengths, much more than for the single 
fibre data. This is apparent from the slopes of the lines in figs. 7 and 8. In 
the case of the hybrid material there appears to be a trend towards a higher 
Weibull modulus at shorter gauge lengths. A similar trend is seen for three of 
the four lengths of the impregnated bundles but there is one anomalous set at 
150 mm gauge length. If this observation is correct it means that neither type 
of bundle meets the strength/length relationship implicit:in the Weibull model. 
This is in contrast to the behaviour of the single fibres where W is almost 
constant over the four gauge lengths. On the other hand when we apply weakest 
link scaling to the data a good fit is observed in all cases (Table 2b,2c).
Gauge
L e n g th
(ran)
C h a r a c t e r is t i c  s t r e s s  
0Q (G Pa)
M easured P r e d ic te d  by
" w e a k e s t - l in k "  s c a le
D i f f e r e n c e
< «
a . . SINGLE FIBRES 50 2 .4 1 2 .4 1 0
20 2 .6 3 2 .8 0 + 6 .5%
10 3 .2 5 3 .2 2 -1 .0 %
1 4 .5 3 4 .6 5 +2 .5%
b . IMPREGNATED TOWS 300 2 .6 0 2 .6 0 0
150 2 .7 7 2 .7 6 -0 .5 %
50 2 .8 7 2 .9 0 + 1.0%
20 2 .9 0 2 .9 8 + 2 .5%
c . HYBRIDS 200 3 .6 9 3 .6 9 0
100 3 .7 5 3 .9 3 + 5%
50 3 .7 8 3 .8 5 +2%
20 3 .8 5 3 .7 6 - 2 1
The impregnated tows showed classic elastic/brittle failure characteristics. 
There was no deviation from linearity in the force/displacement trace, when 
failure occurred they often broke into several fragments and sometimes split 
longitudinally. It was not possible to identify the position of the primary 
tensile failure. In the hybrid specimens, individual tow failures were observed 
as sudden events. Their position was easily seen through the transparent glass- 
epoxy and debonding was observed either side of the transverse fracture path.
This debonded region extended for approximately 1.5 mm either side of the crack 
path. The debonded length appeared to increase with applied stress. Fig. 9 is 
an optical photomicrograph of a section through the failure zone. The 
individual fractures of the carbon fibres can be seen, these are spread over
about 1 mm along the length of the tow at each failure point.
A simplistic approach to the strength of a bundle of fibres, is to consider 
that the probability of encountering a critical flaw in a bundle of n fibres of
length £ is the same as in a single fibre of length nl. The probability of
failure could then be considered to be a function of fibre volume, rather than 
length, and the concept could be extended to bulk composites. If that single 
critical flaw caused the bundle to fail then the strength of both single fibres 
and bundles could be expressed on a fibre volume basis. A bundle would always 
be weaker than a single fibre of similar length. This might well be the case for 
bundles containing only a few filaments, especially if the variability of 
strength were also low (i.e. high Weibull modulus). In these cases when the 
first fibre break occurs the remaining fibres would be overloaded and fail as a 
consequence of the first break. In larger bundles the load intensification on 
fibre failure is less and, when the strength variability is high, a greater 
proportion of the fibres are stronger and are, thus, capable of bearing the 
higher stress. We observe that the mean strength of both the impregnated and
hybrid tows is greater than that of the single fibres at similar gauge lengths.
In these materials the presence of the matrix resin localises the extent of 
stress redistribution around individual single fibre breaks, and failure of the
bundle will occur only when several fibre breaks interact to precipitate the
final failure sequence. In fig. 10 the mean strengths of the fibres and bundles 
are plotted on a volume basis. In this SLn/ln plot the mean values of strength 
for each set are linear and the slope of those lines is equal to -1/w. In this 
case the derivation of w is from the whole set of data rather than the 
individual gauge lengths. (These values are given in the final column of Table 
1). There is good agreement for the single fibres, but the fit is less 
satisfactory for the impregnated tows and the hybrids. The lines in fig. 10 
converge and would intersect at a volume corresponding to a single fibre of 
gauge length somewhat less than 1 mm. At volumes greater than this the bundles 
and hybrids are stronger than the single fibre and vice-versa. Manders et al (4)
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have conducted a computer simulation of the strength of both dry and impregnated 
bundles of fibres of a range of Weibull moduli using two different load sharing 
rules. Under the universal load sharing rule, the load shed by a broken fibre is 
shared equally between all other (unbroken) fibres in the bundle, whereas under 
the local load sharing rule only the nearest neighbours participate. They find 
in both cases, at the ineffective length, the bundles should be weaker than the 
fibres. We do not know the ineffective length for single fibres but there is 
some evidence from optical microscopy (1) that it is of the order of 100 pm for 
single carbon fibres of 8 pm diameter.
The actual load sharing mechanism and the ineffective length are of vital 
importance in determining the relative strength of the bundle, since these will 
determine how many interacting fibre breaks are necessary for failure 
initiation and will also determine the interaction distance. As fibre 
variability increases (w decreases), it is to be expected that the number of 
breaks required to initiate failure would increase. Batdorf has proposed (5) 
that the number of local fibre breaks required to fail a bundle is given by the .
ratio of Weibull modulus of the bundle to that of the fibre. In the present work
this suggests about 3 breaks for the impregnated tows and 5 for the hybrids.
We cannot, at present, offer a quantitative explanation for the higher 
strength observed in the hybrid bundles. There is a small effect due to the
thermal mismatch between the carbon and the glass fibres, but the main effect
appears to be a stress redistribution between the carbon and the surrounding 
glass reinforced material.
CONCLUSIONS
The strength distribution observed in single carbon fibres tested at gauge 
lengths ranging from 1 - 50 mm shows good agreement with a weakest-link scaled, 
two-parameter Weibull distribution. The Weibull modulus was 5.8 which is in 
general agreement with other work on single fibres.
Impregnated tows of 1000 filaments of the same fibre at gauge lengths of 
20-300 mm had higher mean strengths than the single fibres at similar gauge 
lengths. There was reasonable conformity to the Weibull distribution for tests 
at the same gauge length, but W appeared to increase with decreasing gauge 
length. A similar trend was observed in the hybrid bundles which were 
significantly stronger than the impregnated tows and had higher Weibull moduli. 
These results would seem to confirm the existence of a hybrid effect where the 
carbon-fibre tow is stronger when surrounded by glass fibre reinforced material.
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